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NOTICES
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to manufacture, use, or sell any patented invention that may
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FOREWORD

This report describes work performed under Contract AF
33(615)-1084, Project No. 8173, Task No. 817302-9 during the
period 15 September 1963 through 30 October 1964. The contract
concerns development of high-temperature thermoe)Jctric generators
and was under sponsorship of the Flight Vehicle .ower Branch,
AF Aero Propulsion Laboratory, Research and Technology Division,
Wright-Patterson Air Force Base, Ohio. For the Air Force, Mr.
Charles Glassburn served as project engineer until May 1964 and

• was then succeeded by Captain R. B. Morrow, Jr.

Work on the contract has been conducted at the Dayton t
Laboratory of Monsanto Research Corporation, with C. M.
Henderson as project leader. Working with him were R. G. Ault, 0
E. R. Beaver, D. H. Harris, W. H. Hedley, H. B. Jankowsky,
R. J. Janowiecki and L. J. Reitsma. Techrnical assistance was
provided by R. R. Hawley, R. Hedges, D. Reinhardt, V. Ruzic, a
D. Sevy, D. Sheppard and D. Zanders. t

1
This is the final technical report, unclassified, concluding

_ the work on contract AF 33(615)-1084.
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ABSTRACT

Nominal 50-watt(e) and l5-watt(e) laboratory model generators
were designed, fabricated and subjected to sustained and thermal.
cycling tests at a hot-junction temperature of -12000C, and cold
junctions of,-570 0 C in a vacuum of 10-5 - l0-6 torr. Both
generators, constructed of solid-state, bonded, segmented, p-
and n-type thermoelements showed good resistance to degradation
under these conditions. The 50-watt(e) generator completed
^1200 hours of operation without degradation of its power output.
The output of the 15-watt(e) model, after 2100 hours without
degradation, decreased by 9% during an additional 1400 hours of
sustained testing and a further 264 hours of thermal cycling
tests. Degradation of the 15-watt(e) model appears to have re-
sulted largely from deterioration of the electrical resistance
of the ceramic insulation used to reduce its thermal shunt losses.

Improvements in the properties of thermoelectric materials
and interface bonding techniques for thermoelements were achieved
to yield p-n couples with 17% hIgher performance, relative to
1962-63 couples. Various techniques were investigated for
screening p- and n-type thermoelements to 1200 0 C in a vacuum.
Fundamental investigations of the thermoelectric materials and
studies of hot-pressing and arc-plasma fabrication techniques
indicated that significant further improvements in the performance
of high-temperature thermoelements can be achieved.

Nuclear reactor, radioisotope, and solar-heated, high-
temperature, thermoelectric, space-powered system concepts were
proposed and preliminarily investigated. These studies showed
that high-temperature (12000C) thermoelectric space-type power
units, ranging in size from a few watts to several hundred KW
output, can be desigr.ed for performances from 335 lbs./KW(e) for
a solar-concentrating type system to 15 lbs./KM(e) for 350 KW(e)
or larger space power systems utilizing fast-reactor heat sources.
High-temperature, radioisotope-heated, thermoelectric space-type
units, of optimized design concepts and fabricated with state-of-
the-art segmented p- and n-type thermoelements, are capable of
7-9.5 watt(e)/lb. (100-140 lb./Kn(e)) performance, Including the
weight of the encapsulated isotope heat source.

Publication of this technical documentary report does not
constitute Air Force approval of the report's findings or
conclusions. It is published only for the exchange and
stimulation of ideas.
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T. INTRODUCTION

A. BACKGROUND

This is the final report on "High-Temperature Thermoelectric
Research," presented under contract AF 33(615)-1084, covering work
accomplished from 15 Septemler 1963 through 30 October 1964. The
overall program objective was to conduct applied research to
ý,ztablish the technical feasibility of utilizing high-temperature
.hermoelectric generators, powered with nuclear or solar heat
2ources, as long-lived power units for aerospace vehicles. This
.ffort was the third phase of a program initiated in 1961 under
-ontract AF 33(657)-7387.

The power output of electric power generators depends on the
efficiency of the energy conversion device employed and on the
-,antity of thermal energy which can be drawn through the unit.
Az electrical power requirements increase for a given system, an
in-zrea5e in the thermal energy transferred through the conversion
•nit becomes necessary. Although generators employed in space
*:ehicles can be conveniently heated by nuclear or solar heat, ther-
7l radiation is the principal means of rejecting heat to accom-
plish thermal energy transfer through the device. The quantity of

r.hrmal energy rejected by radiation varies with the fourth power
3f the temperature of the radiating surface; consequently, increasing-
�t-.iz temperature becomes extremely important. It is clear that
'.hgh temperature is the key to improved performance /watts (e)/lb.
or watts(e)/ft. 2 7 of most types of space power systems, including
"':AP (Systems 1uclear Auxiliary Power) units. Until recently, it
azpeared that the high-temperature (12000C) capabilities of the
:.ermoelectric materials, investigated under this contract, exceeded
7'-.e capabilities of the available heat source.

Recently, a nuclear fast reactor capable of core temperatures
:f 1,000 C with reflector temperatures to 1200 0 C was displayed by
:he RussiansIl), who were apparently not in a position to utilize
fully the high-temperature capabilities of their reactor, since
:rhey employed silicon-germanium thermoelectric materials capable
of only 9000C. Additionally, encapsulated isotope heat sources
2apable of providing hot-junction temperatures in excess of 12000C
are technically feasible.

During the first phase (1961-62) of the program, a laboratory-
•-pe, high-temperature generator was built and preliminarily tested.

Manuscript released by authors 30 October i964 for publication as

a RTD Technical Report.
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The unit contained 1/2-inch diameter thermoelements of MCC 50,
a p-type material originated by Monsanto Company and designed for
use at 12000C. The thermoelectric properties of MCC 50 remained
relatively constant during a 100-hr. test at a hot-junction tem-
perature of 12000 C, and the unit satisfactorily tolerated more than
100 thermal cycles between 2000 C and 12000C. Sublimation losses
for MCC 50 at 12000C in a vacuum of 10-5 torr were less than 1%
in a 1000-hr. test period. It was indicated by Monsanto Research
Corporation's thermoelementmodule concepts used in the laboratory
model generator, together with the low specific weight of MCC 50,
that space-type generators capable of appreciably exceeding 2-3
watt(e)/lb. power output could be fabricated.

During che second phase (1962-63) of the program, the nominal
5-watt(e) laboratory model generator •urvived a 2556-hr. sustained
performance test in a vacuum of -- 10-9 torr, at a hot-Junction
temperature of -12000C and a cold-junction radiator temperature
of -. 7200C with no degradation in thermoelectric properties.
Specific performanc of this device, employing only p-type MCC 50
thermoelements, wa' 2.75 watt(e)/lb. /764 lb.,/KW(e)7•.

Monsanto Company made available to iLinsanto Research Corpora-

tion other original p- and n-type thermoelectric materials in
order to further increase the performance of space-type generators.
These materials, known to exhibit low sublimation losses in vacuum,
were characterized by property measurements at elevated temperatures.
At the end of the second phase of the program, these thermoelectric

materials were utilized, as shown below, in preparing segmented
thermoelements for use in a nominal 50-watt(e) advanced laborator-y
model generator.

Polarity of Hot-End Segment Cold-End Segment
Segmented Useful Temp. Useful Temp.
Thermoelement Material Range Material Range

p-type MCC 50 850-12000C+ MCC 4 0p 400-950oC
n-type MCC 60 850-1200°C+ MCC 40n 400-9500C

I
Design and fabrication of the nominal 50-watt generator were

completed near the end of the second phase of the program. Solid-
state, bonded, high-temperature, multi-segmented thermoelements
(3/8-inch diameter) used for the first time in the fabrication of
a generator, obviated the need for springs or other mechanical
devices to maintain low-resistance contacts between thermoelectric
segments and electrical and thermal leads. Lightweight central
core construction, with radiators directly bonded to the segmented
thermoelements, and high-temperature capability resulted in a
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power output of 12.8 watt(e)/lb. Z78 lb./KW(ej7, exclusive of
heat source weight, with a hot junction temperature of 120 0 C axd
a cold-junction temperature of 570 0 C in a vacuum of i0-5 to lo0-

rorr. After 266 hrs. of sustained operation, generator perfor-
mance became erratic, and inspection of the unit revealed that the
safe operating temperatures at the intermediate junctions (Tj sites)
of the n-type therimoelements had been exceeded by about 100 0 C,
causing generator failure.

During the third and Cuirent phase of the program, the damaged
50-watt(e) generator was to be repaired and further e~valuated.
Additionally, an improved laboratory model generator of nominal
15-watt(e) output was to be designed, fabricated and tested. A
test facility, similar to that used for evaluating the advanced
laboratory modes generator, was to be designed, fabricated, tested
and delivered to the Air Force for evaluation of generators and
components under simulated space conditions. Research was to
continue on junction forming by hot-pressing, production of thermo-
elements by arc-plasma spraying, and fundamental studies directed
toward correlating microstructure characteristics with thermo-
electric properties of thermoelements. Finally, a preliminary
irnvestigation was to be made of advanced systems concepts in-
"oolving the use of radioisotope solar and nuclear heat sources
in auxiliary power systems for space.
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iI. SUMMARY

A. RESULTS

This multiphase project was concerned with the design,
building and testing of two laboratory type generators, applied
research aimed at evaluating and improving high-temperature gen-
erator components, and a preliminary investigation of the per-
formance of several system concepts using nuclear reactor, radio-
isotope and solar-type heat sources. The results of each phase
are summarized below.

1. Advanced Laboratory Model Evaluation

The nominal 50-watt generator failed after 270 hours of
operation at a hot-junction temperature of 1200 0 C and a cold-
junction temperature of 570'0 and 10-5 to 10-6 torr. Cause of
failure was traced to operation of its n-type, 3/8 inch diameter,
segmented thermoelemenrs at' "l00°C above their design interface
(Ti) temperature of 850°C. The generator was completely dis-

assembled following its failure, then rebuilt with new n-type
thermoelements. Also, about 10% of the p-type thermoelements were
replaced. The repaired generator then completed 1099 hours of
sustained testing with its hot junction at'-!200°C, its cold
junction at--570 0 C and at 10-5 - 10-6 torr. It then was subjected
to 105 thermal cycles ('!00-hrs. further testing), without de-
gradation of its power output. Pexformance of the generator
during the sustained and thermal cycling tests ranged from 10.4 to
10.9 watt(e)/lb., with a short bime peak of 11.8 watt(e)/lb., while
its thermal efficiency ranged from 1.5"% to 1.8%. Chief problems
encountered were maintenance of the temperature monitoring thermo-
couples and the resistance heat source.

2. Improved Experimental Model Evaluation

Based on knowledge gained in building and testing the 50-watt(ef
generator and in developing !/ 4 -inch diameter segmented thermo-
elements, a nominal 13-15 watt(e) generator weighing 1.3 lbs., ex-
clusive of heat source, was designed, fabricated, and tested for
3508 hours (146 days) with its hot junction at *1200 0 C, cold
Junction at 575°C and in a vacuum of 1O- - 10-6 torr. Following

the sustained performance rest, this generator was subjected to
264 thermal cycles, under simulated space conditions in which peak
heating and cooling rates to 25O°C/min. were ruached. The power
output of this generator, under matched load conditions, ranged
from 12.4 to 17.3 watt(e), corresponding to 9.5 to 13.2 watt(e)/Ib.
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and thermal efficiencies of 2.C% and 2.8%,: .pectively. No de-
gradation in power output was observed during the first, 2160 hours

90 days' operation. Performance during this period climbed from
10.6 to 13.2 watt(e)/ib. Beyond this time, power output dropped
slowly by &Z from 2160 hours to 3508 hours, and by an a.dditional
3% during the 264 hours required for Thermai cycling tests. Post-
test examinations showed that the electrical resistance of the
ceramic portion of the thermal insulation, used to minimize
thermal shunt losses, had depreciated below its original value by
a factor of -100. A single broken n-type thermoelement was also
found. Chief cause of degradation of this generator, therefore,
appeared to be failure of its ceram4c insulation, with no apparent
damage having occurred to the segmented thermoelements. As with
the 50-watt (e) generator, considerable difficulties were encountered
in keeping temperature-monitoring thermocouples and the electrical
resistance heater operating.

3. Test Facility

A versatile facility for evaluating thermoelements, p-n
coUples, and thermoelectric generators was designed, fabricated,
and evaluated for the Air Force.

4. Component Research

a. Junction-Forming Techniques More than 600 3/8-inch
and 1/4-inch diameter, segmented thermoelements were fabricated and
evaluated under this phase of the contract for the purpose of
evaluating junction-forming techniques, in repairing the 50-watt(e)
generator and in bu iding the experimental model. Considerable
difficulties were ei-ountered, particularly in producing 1/4-inch
diameter, p- ani n-types, segmented thermoelements needed for the
experimental model. Daily yields of usable thermoelements fre-
quently ran as low as 10%. Nevertheless, the mechanical strength
and electrical conductivity of interface junctions between thermo-
electric material segments were improved by 15-20% during the
past 12 months. Electrical resistance measurements of segmented
thermoelements were also made, and the base of knowledge concerned
with solving junction-forming problems was extended.

b. Arc-Plasma and FKame-Spraying Studies Although efforts
on this phase of the project were limited, due to extensive flame-
spraying operations required for repair of the 50-watt(e) and
experimental model generators, the following progress was made:
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- Powder particle size and shape characteristics needed
for uniform feeding of thermoelectric and Junction-
bonding powdered materials to arc-plasma and flame-
spraying equipment were developed.

- It was determined that pre-reaction and conditioning
of thermoelectric material components, prior to arc-
plasma spray fabrication and post-spray treatment,
gave better thermoelectric materials.

- It was learned that thermoelectric compositions,
optimum for hot-pressing, must be modified for use
in the arc-plasma spray fabrication of thermoelements.

- Segmented p- and n-type thermoelements were made and
tested to 0'lO00-hrs.

- Promising solid-state microstructures capable of useful,
oriented, and improved (relative to the properties of
hot-pressed materials) thermoelectric properties were
made.

- The possibility of substantially lowering the cost of
producing high quality single and multiple segment
thermoelements, and in producing theni in a wide variety
of geometries, remains technically feasible and is
economically quite attractive.

c. Screening and Sustained Performance Testing of Materials
This phase was largely concerned with the difficult problems of
making useful measurements of thermoelectric properties at tem-
peratures to 1200 0 C in a vacuum. Considerable effort was devoted
to developing a method for measuring Ti Junction temperatures
in fragile 1/4-inch diameter, double-segmented thermoelements re-
quired for the experimental model generator. More than 800 seg-
mented thermoelements of 3/8-inch and 1/4-inch diameter were
screened or performance-tested, as required for studies under the
Flndamental Investigation, Junction Forming, and Generator Fab-
rication phases of the project.

A series of tests were performed to assist In determining the
causes of failure at the MCC 40-graphite intermediate Junction of
p- as well as n-type thermoelements. These tests contributed to
the diagnosis and solution of causes of the failure of the 50-watt(e)
generator. Modifications were also made to the screening appartus
In an effort to improve its accuracy and utility at 1200 0 C.

A hot-pressed p-n couple, representative of the best p-n
compositions made during 1963, was produced and tested at a Th of
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"--1200"'C, cold Junction of 550*C and at 10-5 - 10-6 torr for
1012-hrs., without degradation of its output. The power output
of the 1963-64 couple was found to be 17% higher than that for
representative 1962-63 couples operating under nearly identical
thermal conditions.

d. Fundamental Investigations A survey of possible
mechanisms and microstructure examination techniques.was made in an
effort to explain the performance of Monsanto Research Corporation's
high-temperature thermoelectric materials. This study, when
correlated with measured properties of thermoelements, indicated
that Monsanto Company's high-temperature thermoelectric materials
approach is technically sound and that substantial improvement of
thermoelectric properties is pcssible.

5. Preliminary Investigation of System Concepts

a. Nuclear Out-of-Pile and In-Pile Thermoelectric Space
Power Systems Conceptual designs were proposed and

investigatedin a preliminary way for three types of fast reactor-
heated high-temperature thermoelectric space power systems.
Comparisons of their optimized performances with those of several
SNAP systems are presented below:

System Concepts

HORSE
Power (out-of- TIGER SWIFT

System Level, SNAP* pile, with (in-pile (in-pile,
Performance KW(e) (2,8) loop) no loopL with loop)

196 1971-85 1 1971-85 16 1971-85
lbs./KW(e) 3 400 150 120 350 130 160 110
ft 3 /KW(e) - 14 14 21 19 15 15
$!OOO/KW(e) 16 89 86 680 68 11 00

lbs./KW(e) 30 >100 59 33 290
ft3/KW(e) 4.7 3.5 2.2 4.3 2.9 1.9 1.6
$iOO0/KW(e) 2.6 17 14 830 22 92 39

lbý./KW(e) 350 - 55 26 - - 43 15
ft ,/KW(e) - 3.2 2.2 - - 0.22 0.24

•e) $1000/KW(e) - 4.8 3.4 - - 75 20

*The data for the SNAP systems do not include shield
weight. The performance of the systems investigated
on the project-includesall components and shielding
for an instrument payload.
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These performance data were obtained using properties of
MCC thermoelectric materials anticipated by 1964-1965 and by 1971-
1985. Such performances, however, can only be attained with seg-
mented thermoelements that are smaller than presently practical
to produce. The performance of each of the three system• concepts
studied is quite sensitive to thermoelectric material parameters.

The performance of the HORSE and SWIFT systems could be
further improved with 1964-1965 thermoelectric properties, and by
the use of hybrid thermoelectric-dynamic (Rankine cycle with
turbines) systems. Further improvements in thermoelectric and
structural materials, anticipated during 1971-1985 could improve
performance of SWIFT concept (without dynamic auxiliary power
units) to approximately 15 lbs./KW(e).

b. Radioisotope Space Power Systems A performance and
thermal efflcicncy study (based on 19Z4-1965 MRC materials) for a
25-watt(e) Cm2 4 2 heated (Th of 1200*C) thermoelectric space power
generator, utilizing 3/8-inch diameter segmented thermoelements,
showed a maximum performance of 9.0 watt(e)/lb. /10 lb/KW(e.7 at
an element length of 1.7 cm (0.67 inch) and cold-Junction tem-
perature of 550 0C. The thermal efficiency at optimum performance
is 2.8%. The maximum thermal efficiency at a Th of 12000'C is
3.75% at an element length of 2.7 cm (1.060 inch) and at a cold-
Junction temperature of 500 0C. The design points for maximum
performance and for maximum thermal efficiency do not coincide.
The study also shows that generators can be designed with high
performance of, for example, at least 7.0 watt(e)/lb.P43 lbKW(er7
within a wide range of cold-Junction temperatures and etcinent
lengths.

A comparison between the cylindrical, spherical and sandwich
design generator concepts for a 25-watt(e) Cm• •heated (Th of
1200 C) thermoelectric space power generator, with 3/8-irn'h
diameter, segmenLed thermoelements operating at 600 0 C cold-Junction
temperature, showed the spherical concept to be superior in per-
formance at 9.5 watt(e)/lb.ff35 lb/KW(eL7vs. 3.2 .att(e)/lb.-Lg2 lb/
Kw(el7for the cylindrical concept. These performances are reached
at an overall element length of 1.5 cm (0.59). The performances
of the sandwich concept reach a maximum of only 3.8 watt(e)/ib.
L763 lb./KW(ej7at an element length of 2.2 cm (0.88 inch).

A comparative study of 25-watt(e) thermoelectric space
power generators with 3/8-inch gjmetr,- segmented thermoelements
heated with P02 10 , CmC'e and Cm heat sources (Th of 1200C)
and operating at 6Q00 C cold-Junction temperature showed the gen-
erator with the Poe 10 heat source to have superior performance
at 9.3 watt(e)/lb. f108 lb/K-qe)7andl.4 cm (0.55 inch) element
length. The performance for t•ie Cm2 4 2 heated system is somewhat
lower at 8.8 watt(e)/lb. LI14 lb/KW(el7 with the same element
length.

8



The performance of the Cmr; 4 ~ heated svestem .'s again lo-er at
3. atb)/b /b b/IKIWIe)'7at1. fm(05 inchn) element

Pr~eliminaryv imvest-4Fat -ons, -how.ed thIat a P: heat;ed ;--en-
erator will have low.er verformiance than one heat. wI- - cm244.
T"his disadvantage does not- offrsetl the many advantages of the utili-
zat~ion of Pu&3 with respect to availabIlity- and shieldincr. A n
investogation of Sr90 showked ti s isot ope to beunsuit-ed ftor space
powel, applica-tIons. Te l o-w pow-.er density of this isotope and
t~he heavy shield.I.n,7 require-menits rescultU in ver-, poor perf~ormarnce
valixes for space- type syjstemis.

A Dreliminarv study based upon "he191283temlcrc
paamtesshwe tht-t14000C ho t- iunc tion 't-emperature, 10150'C

interface temperature, a n d 550 col-d-ju--ncticn :,,mperature, a
system's therm-ial efficiency of .0 carn be reac-.ed and _?De formance
o f b et-t er3 th a n 50 ls /KWe) c anr be achi eved 1-itn a Crn oxi4de
heat source for a wide ranse of ele~ment len,6ths and cold-lunct.o~n
temperat~ures. A 2r-watt(e) thenimoelecturic spa~c. pow..er syý,stem,
using a v;adollnium-polornide-ý' 0 hea ouce, can hav;e a perfor-mance
b e tIter t han 4 0 1ib s 1/We)10 bas ed upDo n 10 7 1- 19 m at-er ifa p r opTe rty

C. S olar - Co nc entr at-i nga Th e rmoelectrc SScs,,.emus Ba sed on
the properties of' 4CkC t'henroelectric aerasntcatdby
19ý;64-1965, it. was found that- a high-temperature t-hexrmoelecýtryic-

gen raooeaing in a near-earth orbI-Dt, and heat-ed bya one-
piece, 9-ft. diamielter, parabbolic mir~ror would be capable of -50
wat.It(e) and 35lbs-/./KWe). These perforrmancee figzures take Into
account the wagtof deployment and oitaoshardw-Kre. The
specific volumxe Of thsmodule -.as estimated at 2ý40 ft /nKW(e).
Batteries are more practical t~han thermal st-orage devices for
providina- Dower durincg dark orbiti~ng periods.



B. CONCLUSIONS

The results of this program support the following conclu-
sions.

1. Laboratory Model Generators

The successful completion, without degradation of perfor-
mance, of more than 1200 ho 9rs of sustained operation and thermal
cycling tests at 10-5 - lO- torr on a 50-watt(e) generator oper-
ating between 1200°C and 5700C indicatesthat segmented 3/i8-inch
diameter thermoelements of Monsanto Company thermoelectric mate-
rials are capable of : year's operation with less than 10% ieg-
radation. This conclusion was supported by the resuits of con-
current sustained performance and thermal cycling tests of 3770-
hirs. on a 13-15 watt(e) generator made from segmented i/4-Inch
diamete, thermoelements. No degradation was experienced with the
smaller generator to about 2100-hrs. operation. Degradation which
was encountered beyond 2100 hrs. and reached 6% at 3508 hrs. and
a total of 9% after an additional 264-hrs. of thermal cycling,
was apparently the result of deterioration of the electrical re-
sistance of the ceramic thermal insulation used in this generator.
A broken n-type thermoelement, found during a post-test exam-
ination, demonstrated the value of redundancy in generator circuits,
but accounted for less than 10% of the degradation experienced.
The mechanical and thermal stresses experienced by both laboratory-
type generators during thermal cycling tests showed that the basic
multi-segment thermoelement, multi-thermoelement module, and tier
concepts used in their fabrication are sound and useful for
future space power system designs.

2. Test Facilities

The versatile facility completed for the Air Force is capable
of evaluating thernioelemaents and singlp, doub e, and higher

mu~t'.ples to 12000C in a vacuum of 10-; - i0-ý torr. This facility
can also be used to ew~iluate multi-watt generators under simulated
space conditions and a variety of thermal conditions.

3. Component Research

Further effort will be required to lower the contact resis-
tance and improve the quality and reproducibility of the segmented
thermoelements. Significant improvements in both the quality and
reproducibility of MRC's high-temperature thermoelements are

10



technically feasible.

As demonstrated by the completion of the 1000-hr. sustained
performance and 250-cycle thermal shock tests, the potential for
the achievement of high reliability and perfol-mance with arc-
plasma fabricated thermoelements remains high. This method of
fabrication continues to offer good possibilities for the low-cost
mass production of thermoelectric spnace power units.

On the basis of knowiedge gained under this program, it is
likely that significant (10-30%) impi-ovements in the performance
of segmented thermoelements can be attained.

4. Preliminary investigation of System Concepts

On the basis of present investigations of reactor-heated
thermoelectric space power systems, it is concluded that:

a. The ibs./1KW(e) performances (fncluding shielding
weights) of the HORSA (out-of-pile thermoelements
with heating loop), SWIFT (in-pile thermoelements
cooled by out-of-pile loop), and TIGER (in-pile
thermoelements, no loop) concepts, based on .964'-
1965 thermoelectric material properties and a PuC
fast-reactor heat source, are higher than those for
SNAP !OA, SNAP 2 and SNAP 8.

b. The performance of each of the three space power
concepts studied is quite sensi"ive to the per-
formance of the thermoelectric components. Thu.,
significant improvements in system performance

could result from improvements in performance of
the thermoelectric components.

c. Calculations indicate that system pe•r•formances
below 30 lbs./KWC(e) could be attained for HORSE
systems using vKues of" thermoelectric' parameters
assumed t0o be attainable in the 197-1l6D time period.

d. SWTIT systems could apprcach a performance of 15 lbs./
KW(e) and possibly surpass thls figure if the high-
tiemperature generator were combined
with a low-temperature Rankine cycle turbine system.

Ads t-CMi ,-- udies of such hybridS••L"-.": .. conc.- ' " " "

5ta-Q-•n- .... system.•s shou_ be maoe.

e. The HORSE and SWIFT con.ects w"_th -flud• heazt. transfaer
loops offer-- higher ee r'r....s bu, l-owe-r -eiabI



than TIGER, which requires no fluids and is of
simplified design.

f. Fuel cost in $/KW(e) for large HORSE systems appears
competitive with that for the SNAP 8 system, while
cost for large SWIFT systems is between those for
SNAP i0A and SNAP 2.

g. The system volume in ft 3 /KW(e) is lower for both the
HORSE and SWIFT concepts than for SNAP 8.

h. Attainment of optimum performances in the 3 KW(e)-
350 KW(b) ranges for each of the three high-temperature
thermoelectric systems investigated will require
development of production processes for making smaller
seamented thermoelements than will be available by
J965. It is anticipated that the small thermoelements
could be developed during 1965-1970.

I. Optimum performance of HORSE and SWIFT systems is
attained at low to moderate (250-650°C) radiator
temperatures. The SWIFT type of system could utilize
present state-of-the-art coolant systems (such as
mercury or water) for use at temperatures below 500*C.

Investigations of radioisotope heated space power systems,
based on the use of heavy-walled isotope containers, as required
for total isotope containment during reentry, or an aborted launch,
led to the following conclusions:

a. High performance Cm2 4 2 of Po 2 1 0 heated thermoelectric
space power generators with 3/8-inch diameter elements
at a power level of 25 watt(e) can be built utilizing
a wide range of element lengths and operating over a
wide range of cold-Junction temperatures. Performances
as high as 9.0 watt(e)/lb. L•IO lbs./KVte17are feasible.

b. Cm2 42 or P02 10 heated thermoelecti.'c space power gen-
erators, with 3/8-inch diameeter thermoelements, can be
operated at thermal efficiencies as high as 3.75%.

c. SJnce the design points for maximum performance and
maximum thermal efficiency do not coincide, practical
generator designs will have to be a compromise between
the two performance parameters. A high performance
coincides with a low thermal efficiency, i.e., with
a high isotope investment. A further study will have
to be made of the trade-offs between performance and
cost of the generator.

12



d. While the spherical design was found to be superior
to the cylindrical design with respect to the per-
formance of a 25-watt(e) generator and for 3/8-inch
diameter thermoelements, the di'ference is too small
to warrant the additional effort needed to successfully
develop the inherently more complicatea spherical.
design.

e. At the 25-watt(e) power level the Po 2 1 s) 4S
radioisotope heat source. W[hile tentative computations

show the performance of fp238 fueled generator to
be lowe[ than that of a Cm2.4 fueled one, the advantages
of Pu2 39 are such that it must be considered to be the
superior fuel.

On the basisofabrief, preliI nary ve-tigat -on of a solar
concentrating type of space power system, based on the assumpt'fn
that a 9-ft. diameter paýrabolic mfrror-thermoeectric generator
module is of optimum size, it is concluded that:

a. A specific performance of about 335 sbs./IW(e) might
be expected for mirror-thermoelect•ri generator
modules of about 250-watt(e) output. This performance
is based on properties of MCC thermoelec-t i m
the availabillity of which' is anticipated during "64-65-

b. Batteries are more practical_ than thermal storage
devices as a means of supplying power' during dark
orbital periods.

c. Increasing the power !eve 1 of this type system does
not appreciably improve its performance.

d. Thermoelements smaller than those that will be -va-iable
during 19-• 19-. are needed to reach• optimum system
perfornmance.

e. Collector storage and h-gh coIlector/thermoelectri
generator weight ratios are major problem areas
requir••ng attention for improved pe-rfor"mance of this
type system.



III. RESEARCH AND DEVELOPMENT

A. ADVANCED LABORATORY MODEL EVALUATION

Duration tests on this nominal 50-watt(e) generator were
initiated during the last two weeks of the second (1962-63)
phase of the program and extended into this, the third phase
of the program. The results of duration and thermal cycling
tests, as well as detailed post-test examinations made on this
generator, are presented in this report section.

1. 1000-Hr. Sustained Performance Test

This generator, shown in the assembly drawing of Figure 1
and described in Table 1, weighed 3.86 lb., exclusive of its
heat source. It utilized 46 series-connected stages of two
p-type and two n-type segmented thermoelements, each 3/8-inch
diameter by 0.65 inches long. These thermoelements were joined
at their hot ends by molybdenum-graphite contacts and at their
cold ends by finned copper radiators coated with TEC-l, a highly
en.ssive proprietary Monsanto Research Corporation coating. An
electrically powered, 0.5 inch O.D. tantalum tube, with 0.020 inch
walls and equipped with solid tantalum ends that extended 1 inch
into the central cavity at each end of the generator, was used as
a heat source. An A.C. low-voltage high-current power supply,
controlled by means of a single thermocouple located at the hot
junction of a p-n couple at the approximate center of the genera-
tor, provided the thermal energy needed to maintain the tantalum
resistor at operating temperature.

As shown in Figure 2, the generator was mounted within a
water-cooled cylindrical protective shield which served as the
primary heat sink for the radiatively cooled generator and pro-
tected the pyrex glass vacuum jar from thermal damage. The
inside surface of the heat sink was coated with TEC-I.

Sustained testing of the generator was stdrEed with opera-
tion at 1217-C (Th) in a vacuum of 0.8-0.9 x 10- torr. Initial
observations indicated that the tiers of both ends of the generator
were below their designed operating temperatures of 1200"C (mi,
hot -jun' tion temperature), 8500C (T1, intermedlate-junctlon tem-
perature between segments of high-and low-temperature thermo-
electric materials), and 5000C (T(., cold-junction temperature).

14
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Fi~gure 2. Advanced Experimental Model Gener-
ator in Test Stand Showing Water-
Cooled 7rotective Shielding
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As shown in Table 2, the first 144-hr. operation of the gen-
erator yielded an output of 46 watt(e) i'T! 9 watts(e j/lb._7 at an
overall thermal efficiency of 1.8%. Heat losses at the ends wer.e
severe, as was the temperature gradient (estimated at l00-200°C)
between the central and end sections of the generator. To reduce
these undesirable and harmful effects, a 0.5 inch O.D. tantalum
he ater, with a wall thickness of 0.015 inch and with shorter solid
ends than the first heater, was installed in the generator and it
was returned to operating conditions. An improvement in the unifor-
mity of the temperature gradient (estimated at 25-500 C) between
the central arid end sections of the generator was noted with the
new heater in place. Additionally, sower output increased to
about 50 watt(e) _/T2.8 watt(e) !/b,__- at an improved overall
thermal efficiency of 2%. This improvement in oerformance during
the next 122-hr. operation of the generator is believed to have
resulted from the more uniform temperatures and reduced heat losses
obtained with the second heater.

Generator pow:er output became erratic after 266 hrs. of operation,
and further sustained tests on the generator were halted. A close"
inspection of the generator after it had cooled to room temperature
revealed that. four n-type thermoelements ?_ocated in its central sec-
tion had faile• at their MCC 60-MCC 40 junction. This inspection
flailed to reveal more serious da~mage, so it was decided to electri-
cally bypass the damaged thermoelements, Vacuum feedthrough faci-
lities for 12 new thermocouples were also installed to permit moni-
toring of the Junction temperatures of selected thermoelements.
These efforts were, in effect lost, when upon returning the repaired
generator to operating conditions, its power output was again
erratic and low.

2. Failure Analysis

An analysis of' the generator performance relating to causes
of failure and discontinuance of the sustained testing was immed-
iately initiated. :fnitial examinations indicated that failure of
the n-type thermoelements was due to unexpected high Ti temperatures
between the MCC 60 and 14CC 40, n-type thermoelectric segments.
Previous scneening of representative segmented thermoelements had
indicated that Ti Junction temperatures for n-type thermoelements
would be in the 850-900°C range. In such screening tests Ti tem-
peratures were measured by thermocouples inserted in holes machined
radially from the surfac~e to the center of selected thermoelements.
Machining of such thermocouple holes at the M4CC 60-MCC 40 Junctions
of thermoelements used in this generator was avoided in the interest
of retention of maximumr thermoelement strength and generator relia-
bility.

18
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Better thermal insulating techniques used in the fabrication
of the advanced laboratory model generator, as com aged with those
used for the sustained testing of the p-n couple Y2 ), significantly
reduced thermal leaks, but caused higher Ti temperatures in many
thermoelements. For example, on the basis of the patterns observed
during screening of thermoelements, for a Th of 1200°C, a maximum
temperature of about 880 0C with a Tc of about 560 0 C should have
been reached for thermoelements in the final generator. Subsequent
actual measurements, made on several n-type thermoelements from the
central section of the damaged generator, showed that for a Th of
12000C a Ti of 10000C was reached with Tc at 560 0 C. Substantial
(50-1000C) temperature differences between the center and the out-
side surface of thermoelements at the intermediate Junction were
also observed in tests run on thermoelements from the damaged
generator.

Cold-Junction temperatures were found to be reasonably uniform,
having an estimated variance of less than ± 200C over the entire
generator. Hot-junction temperatures of 12000C to 13000C were
measured during the test run that was made on the generator after
its initial failure. Examination of the thermoelements after dis-
assembly of the generator showed that this rather wide range of
hot-Junction temperatures was due to the following conditions:

1. Hot-Junction thermocouples (inserted under difficult
conditions while the generator was still on the test
stand) placed in the assembled generator after it had
failed were found to be implanted slightly deeper
toward the heater than they should have been. Such
positioning of the thermocouples would account for
readings between 12500C and 13000C (higher than the
true hot-Junction temperatures).

2. The hot-Junction thermocouples implanted during
generator assembly, at the proper positions, recorded
true temperatures and exhibited good uniformity except
where failure of an adjacent thermoelement interrupted
the normal thermal paths. Such failures resulted in an
approximate 30 0 C temperature rise at the hot Junction
of the remaining thermally conducting thermoelements.
The temperatures of normally functioning thermoelements
were of satisfactory uniformity and were believed to
have varied less than ± 200C from operating temperature
over the entire generator.

Vibration of the generator during sustained testing may also
have contributed to failure of the n-type thermoelements. Such
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vibration, resulting from oscillation of mechanical vacuum fore-
pumps and from the building, had been observed to cause the genera-
tor to continuously vibrate on its test stand at low frequency
(estimated at less than 100 cps) and 1/32-inch to 1/16-inch amnpli-
tude, despite application of vibration damping procedures. However,
as evidenced by the successful 1000-hr. sustained performance test
on the p-n couple, (2) where similar vibration was present, it is
doubtful that such vibration in the absence of overheating of the
intermediate junction would in itself have caused thermoelement
failure.

Partial disassembly of the advanced laboratory model generator,
as shown in Figure 3, disclosed an excellent condition of all
2omponents, except as noted in Figure 4, at the junctions between
segments of the thermoelectric materials. All graphite structures
were in excellent condition except for hairline cracks in two
half-tiers at the hot-junction graphite ends. These cracks did
not interfere with generator performance. All insulation and
radiation shielding was in perfect condition. The TEC-I emissive
coating was in all cases adherent, intact, and functional in ap-
pearance. The flame-sprayed molybdenum joints, electrically and
mechanically bonding the thermoelements to the graphite rings at
the hot-end, and the copper radiators at the cold-end were examined
minutely and found to be in perfect condition. The thermoelectric
segments were found to be unaffected in appearance, as were both
hot and cold junctions of all thermoelements.

It was concluded that the generator failure was largely the
result of unknowingly operating the intermediate junctions of
thermoelements located in the central section of the generator
beyond their design limits. Vibration may have played a secondary
role in causing the failure of the overheated n-type thermoelements.
Exceeding the design limits in temperature was, in turn, the re-
sult of encountering temperature gradients not found in the screening
of single thermoelements, the 1000-hr. operation of a p-n couple,
or the 150-hr. opera% qn of 3-ring generator subassembly modules,
previously reported .'ý

Disassembly of the generator into individual tiers or rings
revealed that none of the p-type elements had failed completely,
but 13 out of 92 showed visible evidence of change at the inter-
mediate Junction. This was assumed to indicate incipient damage
that might lead to failure and these thermoelements will be replaced
if such damage is verified in re-testing. These elements were lo-
cated in modules (half-tiers) where n-type thermoelements failed.
The p-type thermoelements in such half-tiers would have operated
hotter due to the reduced number of therma. paths remaining after
failure of the n-type thermoelementn. Thermoelement 187P in tier
9 of Figure 4 was fractured mechanically during disassembly. This
fracture was not related to generator failure.
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i
(a) side view

i
I

(b) top view

I

Figure 3. Bottom Portion of Ad-
vanced Laboratory Model
Generator After Advanced
Labore'tory Model Was Cut
into Halves for Inspec-

'tion of Components
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Forty-four n-type thermoelements of the 92 present failed com-
pletely and seven others showed visible evidence of change at the
intermediate junction, as described for the p-type elements. All
physically intact thermoelements were retested to evaluate
possible damage to their thermoelectric properties.

Figures 5 through 10 present individual photographs of genera-
tor tiers 1 through 23, showing each as it was removed from the
advanced laboratory model. The background indicates the number of
each individual thermoelement and its electrical and thermal circui-
try. The inner graphite hot junctions show the connections of that
area and the outer circle represents the copper radiators. The
indicated breaks in the outer circles show where the circuit was
interrupted in the generator. The arrows ( ) pointing upward re-
present connections to the adjacent tier above. Arrows (4) point-
ing down represent connections to the adjacent tier below. Arrows (4
pointing outward indicate output leads from the generator.

Hairline cracks were present in the inner graphite connectors
of tiers 3 and 11, but these did not affect performance in the gen-
erator. Tier number 11 was forcibly separated before photography
to ascertain this.

Figure 11 shows a representative individual thermoelement in
a more detailed manner and illustrates where the intermediate junc-
tion problem area is located in a typical n-type element.

On the basis of an examination of the entire generator, failure
in the advanced laboratory model generator is believed to have pro-
ceeded as follows:

1. Due to unexpected high heat source temperatures encoun-
tered in the central section of the generator, the maximum
operating Ti temperature (950 0 C) was appreciably (50-100C)
exceeded causing failure of the bond between the MCC 60
and MCC 4o segments. These Ti temperatures were not moni-
tored, due to a limitation in the maximum number of thermo-
couple throughputs from the vacuum environment chamber and
to the omission of intermediate-junction thermocouple
holes, in the interest of maintaining high mechanical
strength in the thermoelements.

2. A previously unobserved temperature differential of 50-1000 C
existed, under generator operating'conditions, between the
center (axis) and surface at the intermediate junctions
of the n-type thermoelements.
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'Figure 5. Top View of Tiers 1, 2, 3, and 4 Showing Thermo-element Numbers and Circuit Symbols of the Dis-

assembled Advanced laboratory Generator
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Tier 9Tier 10

Tier 11 T-I\er 12

Figure 7. Top View of' Tiers 9, 10s 11, and 12 Showing
Thermoelement Number and Circuit Symbols of'
the Disassembled Advanced Laboratory Generator
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Tier 21. Tier 22

Tiier 23

Figure 10. Top View of Tiers 21, 22, and 23 Showing
Thermoelectric Numbers and Circuit Symbols
of the Disassembled Advanced Iaboratory
Generator
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Figure 11. Typical Segmented Thermoelement Showing
Point of Failure
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3. The above conditions resulted in a borderline tempera-
ture at the junction between MCC 60 and MCC 40 seg-
ments of the n-type thermoelements. Normally, a
fluctuation of a few degrees in heat source tempera-
ture would not affect the strength of n-type thermo-
elements. However, the borderline temperature
conditio.rs were exceeded, causing melting of the
MCC 40 at its junction with the graphite interface
transition material. Reaction of the higher melt-
ing alloy components of MCC 40 (from the liquid
phase) with the graphite transition material at the
intermediate junctions and subsequent diffusion with
MCC 60 and other adjacent materials proceeded into
the solid phase MCC 40 and outwardly to the thermo-
element surface, progressively lowering melting points
in the intermediate junction areas. After 266-hr. of
this action, probably aggravated by the inherent
vibration of the vacuum test stand, the first thermo-
element intermediate-junction failures occurred.

4. Upon failure of the first thermoelement in a four-element half-tier, hot-junction temperatures rose in

the remaining elements available to conauct the
thermal energy present, and accelerated their failure.

5. Thermoelements in the top and bottom four or five tiers
were unaffected due to the lower ope-at4.ng temperatures
to which these units were exposed.

C
6. The n-type thermoelements -were more affected than the p-type

elkmentschie to the slightly lower melting point of the n-type
MCC 40 formulation. Also, the better reproducibility and
lower thermal conductivity Xf MCC 50, in relation to
1MCC 60, tended to minimize the rise in the Ti temperature
of the p-type thermoelements.

It was concluded that the thermal conductivity of MCC 60
should be better established and its reproducibility improved.
Preferably, the thermal conductivity of MCC 60 should be lowered
without affecting its other thermoelectric properties. im-
proved techniques for detecting Ti temperatures in critically
located thermoelements in prototype generators are needed for

monitoring purposes.

t
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3. Repair of the Generator

As repair of the damaged generator progressed, it be ame
increasingly apparent that while its damage had been disconcerting,
experience gained in recognizing the causes of trouble and in
repairing the unit had cast much beneficial light upon the special
problems connected with this pioneering attempt to use solid-state
bonded multi-segment thermoelements in high-performance generators.
As a result of this exploratory work, the importance and critical
nature of the intermediate-junction temperature (Ti) between high-
temperature (900-1200 0 C) thermoelectric segments and medium-tem-
perature (400 0C-950WC) segments were now recognized. Additionally,
the need for and the difficulties of monitoring Ti temperatures,
in research concerned with high-performance generators, were better
appreciated.

Thermocouples had not been installed at the Ti sites for initial
sustained performance tests on the 50-watt(e) generator because earlier
tests, performed on what was believed to be representative p- and
n-type thermoelements, had shown that for thermoelements operating
between a Th of 1200cC and a Tc of 5000C, the Ti's should be below
950 0 C. Further, the use of radially drilled thermocouple holes at
the Ti sites had caused cracks to develop in the segmented 3/8-inch
diameter•thermoelements. Such cracking difficulties did not permit
Ti measurements during production and selective screening of thermo-
elements for use in the advanced model generator.

This lack of information on Ti temperatures prevented detection
of any large variations during routine production. Subsequent in-
vestigations, however, showed that Ti temperatures could vary widely
(by as much as 100 0 C) in thermoelements made during production runs,
despite the reasonable reproducibility in thermoelement1sS, R and
Eoc observed during screening operations at a Th of 12000 C.

When it was found that Ti temperatures in the 3/8-inch diameter,
segmented thermoelements varied widely and were more critical from
a long life viewpoint than the Th temperatures of the generator,
considerable effort was directed to developing a crack-free means
for installing thermocouples at the Ti sites. Numei"us attempts
were made to drill thermocouple holes in the thin ( 1/16-inch)
graphite barrier at the Ti site. In these efforts, acoustic,
electric, and precision mechanical drilling tehniques were investi-
gated. Too frequently, the drilling device contacted the hard MCC
60 and MCC 50 segments, causing development of small and difficult-
to-detect cracks. These cracks frequently became enlarged under
thermal and physical stress, particularly in the case of n-type
thermoelements, causing thermoelement failure.
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After considerable experimentation, it was found that by using
a 3/32-inch - 1/2-inch long graphite barrier, bonded between 3/8-
inch diameter MCC 60 and MCC 40 segments, safe drilling of the
desired radially oriented 0.036-inch diameter thermocouple holes
could generally be accomplished at Ti sites. Accordingly, all
p- and n-type thermoelements for use in repairing the gene-'ator
were fitted with the longer (standard barriers were abcut 1/16-
inch long) graphite barriers and thermocouple holes at tne Ti sites.
While the loz,-er graphite barriers solved the problem &f permitting
thermocouple fInstallation at the critical Ti sites, the resistance
(R) of the modified thermoelements was 10-20ý higher than for the
earlier p - and n-type elements used in the 50-watt generator.

Each of the segmented p-type thermoelements from the damaged
generator was re-evaluated at 12000C for p, AT, S and R. It was
found that thermoelement power output had been lowered by 10-20%,
due to inadvertent operation at excessive Ti temperatures. The
p-type thermoelements were physically sound and judged to be satis-
factory for use in the repaired generator. To counter the reduced
power output which could be expected from the damaged p-type elements
and the high resistance n-type elements, the number of thermoelements
in the repaired generator was increased by 20%. This increased the
weight of the generator from 3.86 to 4.6 lb. exclusive of heat
source and thermocouples which were installed at 117 different sites.
The repaired and highly instrumentated generator is shown installed
on its vacuum test stand in Figure 12 . Although 117 thermocouples
were installed, only 41 couples could be used during a test because
of vacuum feedthrough and switching limitations. The 72-contact,
multi-deck switch used for thermocouple selection is shown near the
lower end of the meter stick in Figure 12. The water-cooled cold
wall shown at the lower left side of Figure 12 is normally used
in a position surrounding the generator, switches ,and connection
panel.

The 117 thermocouples were located in the generator as follows:

1. High-temperature tungsten-'rhenium couples at
15 Th sites.

2. Chromel-alumel couples at 46 Ti sites.

3. Chromel-alumel couples at 46 Tc sites.

4. Chromel-alumel couples located about the cold wall,
on the multi-deck switch and thermocouple connectton
panel.
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Figure 12. Advanced Laboratory Model. Generator, Ready
for Shakedown Tests, with Thermocouples
Installed at 117 Sites
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Prior to again starting the 1000-hr. sustained perfcrmance
test, the repaired generator was subjected to a series of thermal
tests to remove volatile mateoial and to determine which of the
monitored thermoelements would exhibit the highest Ti temperature
as Th approached 12000 C. These tests indicated that:

1. As many as 6-8 of the n-type thermoe>ements might
appreciably exceed Ti temperatures of 9000C at a
Th of 12000C. Such critical thermoclements 'were
found in the central and hottest section of the
generator.

2. The Ti temperatures of most n-type thermoelements

tures of adjacent p-type thermoelements of the

same Th.

3. A temperature differential of.-'000C existed between
the hot-junction ends of thermoelements located in
the center tiers and those located in the top and
bottom tiers of the generator.

4. The smooth interior water-cooled cold wall, show, in
place and surrounding the generator in Figure 2, was
not capable (at 200C, of dropping the Tc's of the
generator to a sufficiently low level to keep the Ti t s
below the desired operating temperature of 900'C.

A schematic diagram of the repaired generator is presented in
Figure 13, where its 248 3/8-inch di,meter p- and n-type thermo-
elements are shown in 20 series-Darailel connected tiers of 12
thernmoelements each, with a 21st tier of 8 thermoelements at its
top. In this diagram each segmented thermoelement is identified
with a number and its polarity noted. The heavy lines shown at
the "cottom of each horizontpl row (tier) of thermoelements repre-
sent the hot-junction straps between adjacent pairs of rr- and p-
type theriiioelements. The lighter horizontal lines,, shown connecting
adjacent patrs of o- and n-ty,.? elements, represent 'Ghe cold Junc-
tion or radiator components. The small circles, with numbers in
them, dtentify a l 1 of the remaining tI-rmocouples that could be used

at the end of the tests to monitor the performance and temperature
of various segments of the generator. The smaller black dots on
the periphery of the thermocouple circles indicate the thermloele-
ment in which the thermocouple 's located.
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In an effort to lower Ti temperaturas by decreasing the Tc
temperatures of the generator, a new, internally finned, water-cooled,
cold wall unit (not shown) was constructed. The fins of this unit,I mounted on the inside surface of the heat sink, could be placed
betwPen the vertical rows of the generator fins. Despite use of
this specially finned cold wall, it was not possible to operate the
generator at a Th of 12000C without exceeding 9000C at Ti sites
in the central thermoelements.

14. Second .Sustahined Performance

During preliminary thermoelement screening and shakedown
tests, considerable difficulty was encountered in maintaining the
integrity of the small gage thermaocouples, and more than half of
these couples were damaged. On the basis of the results of the
shakedown test, it was decided to operate the most critical n-
type thermoelements at a maximum Ti of 950 0 C in order to attain
a Th operating temperature during the 1000-hr. test. An n-type
thermoelement which exhibited a Ti of 950°C at a Th of 1200°C
was chosen as the most critical thermoelement. This thermoele-
ment (441 of Figure 13), located in the central (hottest) section
of the generator, was equipped with thermocouples at its Th and Ti
sites. The temperature of the Ti site of this thermoejement was
used as the reference temperature to control the power input to
the tantalum heater source for the generator.

Data pertaining to the performance and operating conditions of
the advanced model generator during its second sustained perfor-
mance test was taken daily. This data is presented in Table 3 and
shown graphically in Figure 14. It is important to note that with
the exception of the T control temperature, temperatures presented
in Table 3 aind Figure h4 are average temperatures obtained from all
thermocouples at Th, Tj and Tc sites.

As shown in Table 3 anid Figure 14, fluctuations in the tem-
peratures (Th, Tin, Tip, Tcp, ATnp) of the generator occurred un-
predictably. Such fluctuations are believed to have resulted
from movement of the thermocouples due to vibration from the vacuum
pumps of the test stand. Attempts to eliminate movement of the
thermocouples by cementing them within the drilled thermocouple
holes were unsuccessful. In this effort ceramic cements proved
too brittle to maintain proper thermal contacts. Additionally,
temperature flh.2tuations were caused by occasional losses of
monitoring the:-nocouples,which altered the overall average of the
affected group. An example of this condition is shown in the tem-
perature change of Tin, noted in Figure 14, with respect to Tip

i
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on the 21st day (500 hr.). At tbhs time, two n-type Tj monitoring
thermocouples simultaneously failed, altering the average Tin
to a value below the average Tip. Similar occurrences affected
the average temp-ratures at various times throughout the 1000-hr.
sustained performance test.

The fluctuations of thermocouple re~adings also contributed
directly to the varying of Eoc and PMI (Figures 14 and Table 3),
since the positional change of the Th control thermocouple alters
the input power slightly. The generator serves as a multiplier
of minor thermal effects of input power fluctuation and responds
by exhibiting greater fluctuation of Eoc and PMj. The remaining
data presented (Rint, ''M2,$ 7IM, TIM )were affected by both input
power, temperature, and thermocouple fluctuation with resulting
compounded variations in their respective curves.

9 In addition to the thermocouple considerations noted, it was
noticed that as the sustained performance test progressed beyond
the 20th day (480 hrs.), PM1 gradually decreased while the re-
sistance to the heater unit increased. A study of the Tj and Th
temperatures indicated that the top and bottom seven tiers of the
generator were operating at a temperature somewhat below that of
the central section of the generator. The Ti temperatures in these
end portions of the generator averaged 50-70 0 C below those of the
center section. This uneven temperature profile prevented the gen-
erator from operating at its full power potential.

The heater originally consisted of a tantalum cylinder of 0.5-
inch 0.D. and a wall thickness of 0.015 inch, but a check after
its removal showed that the wall thickness in its center section
had been reduced by an amount varying from 0.0015 to 0.002 inch
during its more than 600-hr. use as a heat source.

Figure 15 presents a sketch of the modification that was made
to the tantalum heater. It consisted of flame-sprayed molybdenum
to a maximum depth of 0.005 inches on its central 5 inches, with a
gradual taper toward the ends. This molybdenum coating decreased
the resistance of the central portion of the heater, thus reducing
the 12 R heating effect at its center, with resultant smoothing of
the temperature profile of the generator.

During installation of the modified heater,a vapor shield was
constructed and installed as a precautionary measure to minimize
deposition of tantalum on the hot Junctions of the generator. It
consisted of a graphite cylinder mounted around the heater and
positioned by boron nitride bushings, so that thermal contact was
minimized and no electrical contact occurred between vapor shield,
heater, and the hot Junctions of the generator. The total opera-
tion required less than 4 hrs. of down time on the 26th day
(620 hrs.) of performance testing.
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Initial performance of the generator, after heating to an
operating Th of 1200 0 C, indicated that repairs to the heater had
been successful. The power pea.cs exhibited by the Pmi and *'M2 of
Figure 14 at 28 days (670 hrs.) were a direct result of the in-
creased average Th created by raising the end temperature of the
generator. The average Ti variation o•rer the generator length at
28 days did not exceed 100C, but as the test proceeded, Ti vari-
ation between the end and center sections of the generator became
progressively greater. At 687 hours, the temperature differential
between the top and center sections of the generator had increased
to 23 0 C, while ',hat between the bottom and the center sections had
increased to approximately 570C, with the center section hotter
in each case. Beyond this test time, further comparison of Ti
temperatures was not significant, since several thermocouples lo-
cated in n-type thermoelements were lost within the lower seven
tiers. It is possible that much of the earlier fluctuation in Ti
averages may have been caused by these slowly failing thermocouples.

However, as the test continued it became apparent that random
hot spots were developing over the central area of the modified
heater. After 750 hr.,hot spots in the heater were encountered

V and Ti temperatures were not constant enough to be usable for con-
trol purposes. That is, the Ti's were so unstable that the gen-E erator's operating temperature could not be adjusted without fear
of hot spots causing an interface temperature in excess of the

N critical 950 0 C limit. Accordingly, control of this generator was
returned to a Th thermocouple which had operated at about 12000C
when the critical Ti was at 950 0 C. It appeared that the generator
power output values would have been considerably improved due to t
the heater modification, had not the erratic hot spot condition
occurred.

it was believed at this time that the hot spots were caused
by alloying ' the molybdenum coating with the tantalum cylnder.
Such alloying pz-sumably formed a molybdenu.m-tantalum material
which had resistance values c'nsiderably higher than either the
molybdenum or the tantal,2. These high-resistance areas created
the random hot spots which prevennted the generator from reaching
maximum capability. Further evidence that alloying of the moly- G

It bdenum was the cause of the heater hot spots was found in the
k fact that all of the Ti's that were fluctuating were located in

the central section of the generator. This area received heat
directly from the center section of the tantalum heater. 0

One other event, a power failure causea by a thunderstormI on the 30th day (720 hr.) of the test, Is worthy of mentioning
because it caused the generator to cool to 500 0 C. Maximum
cooling rates of 250-26 0 0min. were reached during this incident.
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Two efficiency indexes, r-, and w-- were used durirz the
sustained perfo rmance test. ne ffirst of these, n-1i was basEJ
uoon the sower output r?.l) of the generator oc-tainc under
matched load conditions at t;- h e e-ncountered in the
experiment. The second ir-ex, rd, exas b-aed upon he nd.usted
matched load Dower output (P- .- The adjusted power output,-D,2,
consists of Pt! no.r..al.ized by the ratio of the stuare of the
actual _emDerature differential ( .•) across the generator to
the sc.uare of' the temperature differbntla!_ experienced bby the
generator at a reference point (`39 hr. operation). The efficiency
in each case was based on the ratio of P-y-/Q, where Q (input) was
estimated by tracting the extraneous conductive and radiative
losses of heat from the ends and supports of the gen.erator. hese
losses were assumed consrant during the test.

As indicated b•y the , and column, in, Table ,-he -i,
thermal efficiency of zhe generator varied f rom a low of -L 6!/
at 39 hr. to !.5ro49 at 26 days (63 hr.). The more meaningful
(because it was corrected for temperature variations) efficiency
Index, 1., increased from 1.46c- at 3 ohr. to a peak 1.76687 and 7.l hr. operation. It is significant that while fluctua-

tions in both efficiency indexes occurred during the test, they
did not decrease below the values at the start of the test.

The most meaningful Dow4er output index of generator Derformance
vs time is presented in column " "of T
14. This index gives the electrical Dower output of the generator

under matched load conditions and adjusted to a standard thermal
condition. The generator output after 39 hr. of operation was aI;i-
trarily &hosen as a standard performance for comparative purposes

While .__ zriations in •, occurre-d as the test progressed, the
general trend, shown in Figure 1-, was for the power to remain
above 47 eatt (e) a"fter the first 50 hr. operation. A peak output

value of 52 watt (e) /YI!8 wat (e-t Ib./7 u-a" reached on the 26th
day (0620 h---. -Lowest outut was en-conterec between the 5th and
7th day when it dinned twice to abo t 25 w,-att '-e). However, as
shown ir Figure 14, the adjusted p.ower output_ (.2) I remained above
the reference condition (where I�P 1-. 2 ) at 39 hr. fo ý the duration
of' the sustained Der rma....e test Disountig the largest peaks

and vilWes shown in: Fig.re 4 . tended to imoro-ve somewhat
with, i.ncr..e.sin time. . unhe basis of the im"rovement in P1.12 with
time, it could be cointcluded that the power-generating , haracteristics
of the materials used in this generator improved rather than degraded
with time under test conditions more conservative conclusion is
in order: namely, that no apparent degradation of the thermoelectric
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power-generating properties of M..e MCC materials used bulld-i.g the
advanced model generator occurred during the sustained performance
and thermal cycling tests.

S5. Thermal Cycling Test

The thunderstorm that caused a power outage during the
sustained performance test helped establish the maximum heating-
cooling rate that could be attained by thermal radiation. Examina-
tion of the cooling curve of the generator after the power fail-
ure showed that peak rates of 240-250°C/min. were reached.

With regard to heating, it was assumed that the heat source
would be a solar collector of fixed diameter, operating in an
orbit of constant solar flux. Under these conditions, the heat
input to the generator upon leaving the shadow of the earth was
assumed to be 2890 watts(t), the same input used for the sustained
performance test. To provide the desired cooling-heating cycling
conditions, a temperature-time cam was machined and was used on a
control instrument to govern the power input to the generator pro-
viding the typical thermal cycle curve shown in Figure 16. Peak
cooling rates to 2600 C/min. and heating rates of about 120LC/mnln.
could be attained on a cyclic basis with this cam.

The generator was subjected to 105 consecutive thermal cycles
of the type shown in Figure 16. Data from these tests is presented
at the bottom of Table 3, and shovithat no change in the power-
generating characteristics of the generator developed during the
thermal cycling tests.

6. Post-Test Examination

Upon completing the thermal cycling tests, the generator was
cooled to room temperature and the bell jar opened for inspection.
Since the bell jar could be swung aside, the test stand served as
a secure mounting for examination. All thermocouples used for
heat balance calculations and test-stand temperature monitoring
were removed. Likewise, all protective insulation and reflective
shields were removed in order to permit easier access to viewing
of the generator. A careful inspection of all thermoelements
available for viewing was made and no damage found.

Several radiator fins were slightly bent, and in several cases
their emissive coating had been chipped off. This minor damage
apparently resulted from removal of the close fitting, water-cooled
heat sink. The bent radiators were straightened and the chipped
coatings of TEC-I emissive material were replacred.

I
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It was no-ted that the molybdenum Junctions were brittle,
making movement of the generator quite risky. It was noted that
the ther'mocouples were also brittle. Extreme care was taken where-

Tever thermocouples and leads were involved so that no motion would
entangle the lead about the radiator fins and cause flexure of the
molybdenum.

After external inspection, the clamps attaching the current
leads to the heater were taken off and the heater was removed.
The heater, as shown in Figure 17, did indeed show evidence that
hot spotsj had been produced during the latter stages of the sus-
tained performance and the thermal cycling tests. Excessive and

irregular grain growth was found on the surface of the heater,
particularly in the center section of the generator. Hot spot
areas were also f.und at each end of the heater where electrical
contact between it and the power supply was made. The presence
of such large, irregular area9 in the surface of the heater was
Judged to be the result of molybdenum alloying with the tantalum
and the effect of exposure of the heater to temperatures in ex-
cess of 1200 0 C.

Following a visual inspection of the heater cavity, which
showed no change in mechanical appearance from the last inspec-
tion, the hold-down top cross bar was replaced to provide support
to the generator structure during the remaining inspection. The
graphite vapor shield, normally used to prevent vaporized heater
material from plating on the hot Juaction of the generator, was
removed. Removal of thr, vapor shield permitted viewing of the
interior surfoces (hot-"'mctions) of the generator. Only a very
light coating of tantalum, deposited during the first 620 hr. of
the tests and prior to installation of the vapor shield, could be
seen. This coating was appa:rently thin enough not to have appre-
ciably short-circuited the generator.

On tlhe basis of this examination, it was concluded chat the
segmented MCC thermoelements used in the construction of the
generator were virtually unaffected by the 1186 hr. of sustained
performance and thermal cycling tests. Since many of the thermo-
elements used in the fabrication of this generator had previously
been exposed to about 270 hr. of the initial sustained tests, it
can be concluded that the MCC thermoelements are capable of more
than 1450 hr. of operation at the test conditions without degrada-
tion.

Generator components most affected by these tests were the
molybdenum-copper-graphite Junctions of its radiators and molyb-
denun-graphite hot-Junctions. These components became brittle

a-nd sensitive to cracking from mechanical impact after more than
1200 hr. of exposure to simulated space-operating corjitions.
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Top end

Center section

Figure 17. Molybdenum Sprayed Tantalum Heater
Showing Grain Growth in Top End and
Center Section
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Additionally, the small (0.005 inch diameter) thermocouples
used for monitoring purposes became brittle and were difficult
to keep properly positioned.

It is not likely that serious embrittlement problems would
be encountered with the molybdenum coatings of the radiators and
hot-junctions on this type of generator during the essentially
vibration- a"d impact-free post-launch period.

However, attention should be given to minimizing preflight
tests for extended periods at elevated temperatures.

50



B. IMPROVED EXPERIMENTAL MODEL GENERATOR

The experience gained in designing, building and initially
testing the 50-watt advanced laboratory model was used in the
design of the improved experimental model generator that is pre-
sented in this section. The design goals for the improved model
were to make it more rugged, reliable, long-lived and capable of
a higher performance ratio than the advanced laboratory model.

Because of the problems that occurred when the intermediate-
Junction design temperature (Ti) of the n-type thermoelements of
the 50-watt model was unknowingly exceeded, particular attention
was paid to solving this problem in the improved experimental model.
To overcome the Ti monitoring problem it was planned to install
thermocouples at the intermediate junctions of p- as well as n-
type thermoelements located in the hottest central sections of the
generator. Additionally, a spiral-woundresistance-wire heater
unit was used in place of the tubular one employed with the 50-
watt generator.

In addition to the above tasks, a very difficult problem to
be solved in designing and building an improved experimental model
generator involved the reduction of the diameter of the segmented
thermoelements from 3/8-inch to .i/4-inch without serious reduction
in the quality and reproducibility of their thermoelectric prop-
erties. Considerable difficulties with these areas were encoun-
tered during the preceding year's efforts when it was necessary
to reduce the diameter of segmented thermoelements frcm 1/2 inch
to 3/8 inch tc raise the watts/pound ratio of the advanced lab-
oratory model. The task is even more difficult in reducing thermo-
element diameter from 3/8 inch to 1/4 inch. Emphasis was placed
by the Air Force on producing an improved experimental generator
that could be operated for 3500 hours during this year's prograin..

1. Design Optimization

Prior to completing the preliminary design of the improved
experimental model generator,a series of computer calculations
was made to study the relative effects of changes in the generator
design parameters on the overall watts/pound ratio. For these
calculations a fixed thermoelement diameter of 1/4 inch was used
and the thermoelement length and cold-junction (radiator) temper-
atures were varied over fairly large ranges (0.1 to 2.5 cm. for
the total thermoelement length and 500 0 C to (50°C cold-end temper-
atures). The material properties of the thermoelectric segments
were identical to those used for a similar calculation 9p the
3/8-inch diameter thermoelements as reported previously '). A hot-
junction temperature of 1200°C and an intermediate-junction te•,n-



perature (Ti) of 850 0 C between p-type MCC 40-MCC 50 and n-type
MCC 40-MCC 60 segments were used for the 1/4-inch diameter thermo-
elements.

Results of optimization calculations for 1/4-inch diameter
thermoelements are shown in Figure 18. where the limiting effect
of the radiator weight on the overall watts/pound ratios is ap-
parent, just as it was for the 3/8-inch diameter thermoelements
used in the advanced laboratory model study. It may also be seen
from the 2urves of this figure that a definite improvement over
the watts/pound ratio for the selected design of the improved
experimental model could be made by using short thermrelements.

Although short thermoelements are definitely dzesirable from
a high-perforaance ratio point of view, it is not feasible at
this time to obtain the high degree of reproducibility in the
length and thermal conductivity (or density) of thermoelectric
segments needed if high watts/pound ratios are to be attained by
closely approaching the critical Ti for each thermoelement.

The nature of the critical Ti temperature problem may be
better appreciated if it is considered that for a design temper-
ature of 700 0 C between the hot and cold ends of each thermoelement,
an average temperature gradient of about 60 0 C/mm. would exist in
1.2 cm.-!ong by 1/4-inch diameter thermoelements. A 1.2 cm.-longi thermoelement of i/4-in(h diameter corresponds to that which would
result if the L/A ratio of the 1/4-inch diameter thermoelementSwere the same as that uF-,d for the 50-watt model. Even higher tem-
perature gradients of 75-100°C/min. would be encountered in segment
areas immediately adjacent to the intermediate junction of the
1/4-inch diameter thermoelements. Thus, for 1/4-inch diameter
MCC 50 or MCC 60 segments, only 0.5 mm. (0.0196 inch) shorter or
longer than specified by design, the Ti in a semented thermo-
element could range from 30 0C to 50 0C higher, or lower, than the
required Ti.

Variations in segment density also exert an effect on Ti
with low and high segment densities in MCC 50 and MCC 60 bsegments
contributing tc low and high Ti temperatures, respectivcly. Low
and high densities in MCC 40 segments would similarly affect thle
Ti temperatures.

Since it is not yet possible to reproduce the length and
densities of the various segments with sufficient precision to
meet design specifications for each material the average temper-
ature gradient down each thermoelement was decreased by making
them longer. While this approach lowered the watts/pound ratio
for the improved model,its thermal efficiency benefits from the
longer lengths employed.
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With the Tj problem in -mind, the length of the 1/4 --inch di -
ameter thermoelements for the improved experimental mccci gerneral1~or
was arbitrarily set at 2 cm. On this bas-_s, as shown in Figur L18
a watts/Pound ratio of about 14.5; was computed for the improved
experimnental generator op-erating wit-h a colc!-junction temp~.erature
of about 5000C.

AS ~~The design of this geie-rator- was originally directed tCloward
anominal power outputC of N25 watt' (e). In addition to the
smaler power output arid d~ameter of its thermoe .ements., the

following design features f~or the improved model dif-fered from
those of the 50-watt advanced laboratory model:

a. Each tier of the -Im-roved model was comprised of
16 rather than the 8 thermoelernents used ifl the
50-wat't unit. The use 0J.- more tAherrnoe-lenent's per-

tlerproideda sorter, more rugged generator
geometry configIuration.

b. Ech ieris sectioned in quadrants rather than
in Eahalves. Theueof udan i setos
connhlete ine useries, u pera tts g 'enera ct ion of ab
6colneted witheres t he , proved generationt mode abot
approximawtelhn-afo the imrvetopeietal powel oflth

-p0-watt model.

c. The inner graphite q'uadrant sect~ons are rIig-dIzed
with a flame-coated refractory allumi.na bond, This
new technique permitted signific1-anit increases in the
miechanical strength of this generat-or ggeo~metry.

d. Use of 1/4-inch diameter therimoe-lements Der-mit-ted
close spacing of thermoelentents an Lete
utilizatilon of the heat- transfer area in the inne-r
hotU-junction graphite rigs

e. A spiral-type eieucl.trical resistanCe heaiter, rathelo
than 'the t.ub,-e-type used on Ithe 50-wattt model , wias
employed . This type hea ter- Fprovi ded ;-, more unif 'orm
heat- flux withlin 11the centr''nal1 Cavity of llabora toi-v-
type gene~rataors,

f. Interface and Tc thermo'osunles wer-e. irstaliled
axially -from the. c oi -.rids, of teT lmn

Some similarities between 'the 5:0-wat-t advanced laboratory
model and the imnproved expe~riment-al miodel ge~n;eri.tor are listedl
below:
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a. A simple cyJindrical generator geometry was used
in each case.

b. Two p- and 2 n-type thermoelements were used per
graphite hot-Junction tier section to provide
greater reiiabillty of the Power generating circuit.

c. Hot-pressed cylindrical thermoelements were used in

both models.

d. Materials of construction were in general the same.
It was not possible to find optimum solutions to each of

the problems, discussed in the next section, in time to permit
fabrication of a 192-element generator, as originally proposed.
Instead, a generator based on 144 segmented p- and n-type thermo-
elements and capable of 15-watt (e) output at 1200 0 C Th and
5000C Tc, was fabricated.

2. Fabrication

The preparation of enough thermoelements of sufficient quality
for generator fabrication proved quite difficult. The situation
was similar to that encountered previously, when it became nec-
essary to learn how to produce 3/8-inch diameter segmented thermo-
elements for the advanced laboratory model after having worked
out useful production techniques for !/2-inch diameter thermo-
elements.

A major difficulty encountered with the 1/4 inch diameter
thermoelements involved the attaiamenc of consistent thermoelectric
properties during repetitive production. This difficulty was

partially due to the very sr.ali quantities (each thermoelectric
segment weighs about I g.) of powdered ma"terals required per
element. Additionally, small variations in hot-pressing conditions
bad a very significant effect on the densit.- and,therefore, on the
thermoelectric properties of 1/4 inch diameters. The smaller
thermoelements also required thermal and p-ressure cycles which
were different from those used for either 3/8 inch-or 1/2-inch
diameter elements. lastly, it was impractical to screen candi-
date thermoelements for critical Ti temperatures by inserting
thermocouples at uhe Ti site, as was done for the larger diameter
elements. More than 60 1/4-inch diameter -hernmoeemens were lost
during attempts te evaluate them by insertilon of thermocoup-es
at the Ti sites, and it was necessary to develop new screening
techniques.



Figure 19 presents a view of a 16-thermoeiement tier unit,
without radiators and thermal insulation, essentially identicalto those used in the fabrication of the improved experimental

_•mod elI N in e s u Ch t- e: s, consist[ing of 8 .o- and n-type !4ic
• diameter segmented thermoelements, connected series-pa-1,aliel,

-were used in the generator. As shown by the small white cylinders
spaced at 9j0 intervals in the 3/3-inch I.D. x 1 3/4-inch C.D.
graphite ring, each tier consisted of four sections, each contain-
ing 2 p- and 2 n-type thermoelements with like thermoelements
connected in parallel. Each 4-thermoelement section was then
connected in series with tne 4-thermoelement sections on each side
of it, or to a similar section on the tier above or below. Thus,
the improved experimental model contained 36 series-connected
4-thermoelement parallel-connected sections. It was judged that
test results obtained with such a 3-tier unit would be adequate
for purposes of evaluating the operating characteristics of the
design concept and for extrapolation purposes. The electrical

scheme of the generator is presented in Figure20.

A 1 1/4-inch O.D. x 5-inch ,o,,g graphite sleeve was inserted
between the spiral-wound resistance heater and the hot-junction
ends of the generator. The function of this sleeve was to
prevent evaporated tungster from electrically shorting the exposed
hot ends of the thermcelements.

When completed, the improved experimental model measured
about 5-inch O.D. by 5-inch high, excluding its ceramic insulating
top and base plate, and weighed 1.3 lb., exclusive of heat source,
thermocouples and nonfunctioning ends. A detailed assembly
drawing is shown in Figure 21.

Figure 22 presents a view of the assembled generat-o without
its cold-wall heat sink in place. This view was taken prior -o
starting shakedown tests on the generator. The white wires shown
connected to the generator and to the panel at its base, are 41

thermocouples for monitorIng Tb, T-i and Tc temperatures at
strategic sites within the generator.

3. 3500-Hir. Sustained Performance Test

The sustained performance test was initiated on April 7, 1964.
The method of operation and collection of data wereidentical to
that described for the advanced laboratory model with the excep-
tion that a d'_.ffe..ent.. heater configuration was used. For thisgeonertora" h s
generator, a spiral wcund tungsten heater (0.050-inch diame+te
wire) was substituted for the cylindrical tantalum heater. The

use of the coiled tungsten heater, with electrical leads at the
bottom of the coil, permitted complete closure of the top end of



Figure 19. View of a Thermoelernent Tier UnitW- hu

Radiators and Thermal Jinsulation' jh~
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this generator, tending to decrease its thermal losses.

Daily tabulations on this generator are presented in Table 14and graphicalCy in Figures 23, 214 and 25. As with the data for

the advanced iaooratory model, unpredictable fluctuatoions in tem-
peratures occurred and undoubtedly affected the performance of
the generator. Also, as in the sustained pexrformance tests with
the advanced laboratory model, losses of thermocouples by breakage
and changes ,n their outputs occurred with this generator. On
occasion, such thermocouple problems caused rather odd variations
in the temperature averages. For example, it was observed that
the average Tin and Tip temperature curves of Figure 23 crossed
several times. These events, which were noticeable from the l0th
through the 38th day of the test, are believed to have been caused
by changes in-thermocouple readings resulting when solid contact
was periodically made and lost between various thermocouples and
the surfaces of their positioning holes. Such events are common
occurrences when attempting to measure temperatures of solids in
a high vacuum environment, and can be particularly troublesome in
the range of temperatures encountered at the Ti sites. These
temperatures are not quite high enough to achieve equilibrium by
radiant heat transfer nor low enough in this case to permit the
use of ceramic cements, since such cements tend to react with the
thermoelectric and barrier materials.

Three efficiencies, rMil, M and rj~l, defined in Table 4,
are determined in this test. Only TIM 2 , c rresponding to the
power output (PMI) of the generator in a matched load circuit for
the actual ATnp involved, and qM the efficiency based on the
normalized or adjusted power output (PM2), were plotted in
Figure 23 through 25. The values of TM! and rjM• were usually so
-lose that it was impractical to distinguish beMween their plots.

As for the advanced laboratory model tests, the power input
to this generator was determined by subtracting estimated con-
ductive and radiative heat losses from the tot•a power (bus bar)
input. The resulting generator efficiencies, as shown in Table 4
and Figure 23, initially increased slightly with time. It is
felt that improved generator test conditions,rather than improve-

ment of MRC themoelements, were responsible for this rise.

Figure 26 presents a top-to-bottom temperature profile of
the average Ti temperatures in this generator, with the original
tungsten heater of evenly spaced spiral coils in place.
The rather large 1220 °C) difference in temperatures between its
ends and center prevented the generator from reaching its full
design capability. This generator could produce about 20 watts(e),
with each tier operat.ing with an average Th of 1200 0 C and an average
ATnp of 600°c.
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In an attempt to smooth its temperature profile, a new spiral
heater was made which employed fewer coils at its center and more
at its ends. On the 38th day (910 hrs.) the generator was cooled
to room temperature and the new heater was installed. At Th tem-
peratures below 1000C0 the thermal profile was appreciably more
even than it had been with the original heater. However, as the
Th temperature rose to 1200 0 C, the thermal profile again closely
approximated that in Figure 26, for the original heater. It be-
came apparent that the heat conducted from the ends of the gen-
erator via the heavy cross-section of the graphite vapor shield
(between the heater and the hot-Junctions), plus the cooling
effect of radiant heat from ends of the generator, counteracted
the gains made with the modified heater.

As shown in Figure 23, some gain in power output (PM, and
PNM,) appeared to result from installation of the modified heater.
From the 43rd day of the test the improvement in PM1 and PM_
tended to parallel an increase in Th, and a corresponding iicrease
in the internal resistance of the generator was encountered.

The fact that the power output of the generator increased
simultaneously with the internal resistance was somewhat mysti-
fying until several radiator fins were noted to be in close prox-
imity to the metal heat sink. It appears that prior to this time,
they might have been touching the heat sink, producing an appar-
ently low generator resistance and a correspondingly low powQ:'
output. On resumption of tests, the gradual increase noted In
the power output and resistance of the generator was probably
the result of gradual separation of the radiator heat-sink
component.

The power and internal resistance of the generator increased
steadily to an adjusted peak value (PM ) of about 17 watts(e) and
1.35 ohms, 20 day. (1308 hrs. of operation) after the attempt was
made to correct the thermal profile problem. At 1500-hrs.
(62nd day) of operation, a series of tests was conducted to
determine, if possible, which section of the generator might have
contributed to the increased Internal resistance noted from the
1308th hr. (54th day). Tests consisted of operating the generatoe
at carefully stabilized "no load" conditions and using the tem-
perature-measuring thermocouples as voltage probes fc , resistance
measurements. Calculations, based on the probe measurements of
individual tiers, indicated no abnormalities in their resistances,
so the increase in the resistance of the generator was Judged to
be the result of reducing electrical shorts between Its fins and
the heat sink unit.

At the concluslon of the no-load test, the generator was
restored to approximate matched-load operating conditions. After

(1



t
195)6 hrs. the resistanne of the cenerator n-rea- to a pea
value of about -.39 ohms while the adjusted power (PM2 ) dropped
to 15.4 wa ts(e).

The general rise in power and internal resistance which
Soccurred to 1956 hrs. was similar to the performance exhibited

by the advanced laboratory model generator (50-watt(e). Such
changes in power and resistance were apparently due to Improvements
in the performance of various components (e.g., thermoelements,
TEC-l coating and contacts), which are not readily detected by
present monitoring techniques but which do work to the advantage
of generator power output over a long period of time.

Beginning at 1980 hrs., as shown in Figure 24, a sudden re-

duction in the internal resistance of the generator indicated
that partial electrical shorting conditions were again being en-
countered. The generator was cooled to room temperature at
2172-hrs. and examined. It was found thai; the bottom part of the
graphite vapor shield, used to protect the hot junctions of the
generator from vaporized heater metal, was touching the junctions
in one of the tiers of thermoelements. A new, thin-waeled vapor
shield was prepared and installed in an attempt to correct the
electrical short coildit'on and to reduce conduction heat losses
from the central cavity of the generator.

-In addition to replacing the heater vapor shield, a new
tungsten resistance heater was installed. This heater was fabri-

cated with fewer coils in its central section and with closely
spaced ones at its ends.

While the generator was exposed at room temperature, measure-
ments were made which showed that the electrical resistance of
its thermal insulation had decreased by an order of magnitude or
more. Such a loss of electrical resistance in the thermal insu-

Sation could account for the low internal resistance and reduction
in power output of the generator. No changes in the electrical
insulation were made at this time.

After reassembling the generator and returning I t to normal
Th of 1200 0 C) operating conditions, the corrected power output

(M2) was about 14 watts(e), with an ini-erna -resistance of
1.13-ohms. During the remainder of The sustained life test,
random fluctuations continued to c-,cur in the power output and
internal resistance of the generaLor. Such fluctuations appare• d
to be the combined result of intermittent and partial electric-al
shorts between one or more radiator fins and the me:al heat-sink
shield, and degradation of the electrical properties of its
thermal insulation.
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At the conclusion of the 'ife test, thl generator had
successfully operated for' 3508 hours in a vacuum of 10-5-10 tort
with its hot junctifon at about 1200°C. DurIng the last 16 days
of the test, output for the generator dropped by about 5%, or a
total of 6% during the 3508 hours of Its operation. Sucb a drop-
off in power output of the generator after 3200 hours' o-,eration
is believed to be the result of further rapid deterioraulon of
the electrical properties of its thermal insulation.

4. Thermal Cycling

Immediately following the conclusion of the sustained per-
formance test, the heater control system was switched to a cam
program control and thermal cycling initiated. The generator
was subjected to 264 thermal cycles in which peak cooling rates
of 240-250 0C/m-n. were reached each cycle. Output of the gener-
ator decreased by 3% during the 250 hours of operation required
to complete the thermal cycling tests. Total degradation of
the generator, after 3772 hours of operation, including 264
thermal cycles, was about 9%.

5. Performance Analysis

Following completion of the duration and thermal cycling
tests, the generator was partially disassembled and its various
components examined. Figure 27 is a photograph of the generator
during the process of disassembly. The top cap and top insulation
have been removed,exposing the heater and vapor shield. All
interior insulation has been removed prior to examination of the
tbermalI elements.

The spiral wound tungsten heater on a thoria core may be seen
in the center ol- the assembly in Figure 27. Concentric about
the heater is a graphite vapor shield, which shows as a thin
gray ring about the tungsten heater in the photograph. A boron
nitride insulating ring, used to electrically insulat-e tiers
is visible as the white ring, concentric about the vapor shield
and mounted upon the top graphie tier :icibe as a gray area on
either side of the white ring. Insulating ceramic Junctions be-
tween ring segments are shown at 2, 5, 8 and 1i. o'clock pos-'tions
in Figure 27. These are visible as raised,white surfaces on
thE outer surface of the central graphite ring. inspection of
these ceramic junctions showed that they had not been affected
by the duration and thermal cycling tests. The top t-ie: of 16
thermoeiements is visible, joined to the graphite ring segiments
at their hot ends. At approximately the 7 o'clock position, a
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small hole is seen at the hot end of a thermoelement. This hole
was used for locating and insertion of a tungsten-rhenium thermo--
couple monitoring probe. Thermoelement segment interfaces can
be seen in some cases by noting the innermost junction between
the metallic-appearing bands of MCC 40 materials on the cold end
of each leg and the dull grey segments near the center of the
generator.

Affixed to the thermoelement cold ends are the copper
radiator straps and radiator fins. The o-adiator fins normally
extend between the heat-sink fins and are coated with TEC-l for
increased emissivity. The interior surfaces of the heat sink
were also painted with TEC-1. The coated surfaces of the gen-
erator fins were not noticeably deteriorated by the generator
testing. However, some sublimation of various materials was
found condensed on these cold surfaces. The junctions between
the copper cold straps (radiators) and the element cold ends
appeared to be unaffected by the tests. Some radiator fins can
be observed to be in direct contact to heat-sink fins, but this
situation was caused by the generator's shifting position during
its disassembly. Tc and Ti thermocouples can be observed as
narrow,white,radiating lines at 6, 7, and 8 o'clock positions.
Current and voltage straps, somewhat out of focus, are shoui
attached to the cold strap at the 10 o'clock position.

The photographs shown in Figures 28 and 29,respectively,
show representative remnants of the thermal insulation and a
close-up of representative portions of the thermal insulation
(Fiberfrax) after it was removed from the generator. As in-
dicated in Figure 28, the insulation was considerably more
friable than when it was first installed in the generator.
Additionally, it was badly discolored except where it was in
close proximity to the hot (1200 0 C) sections of the generator.

Figure 29 shows a narrowwavy band of light-D!ored mate-
rial extending the length of representative strips of thermal
insulation that was installed parallel with the vertical rows
of thermoelements. The light-colored,wavy bands mark lines of
constant temperature, showing how the thermal fluy. varied top-
to-bottom and outwardly from the cenoral hot sections of the
generator.

In an earlier discussion in this text, the question of
deterioration of the electrical insulting properties was
raised. Fxrther examination now discloses that The electrical
resistance of the thermal insulation that was used to minimize
thermal shunt losses in this generator had indeed degraded and
probably created electrical shunt losses.
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Figure 2b. Remnants of Thermal ]insulaAo
Remmo ved from, the 1Improved E-xper--
Limental Generator alFter- 3772-hrs
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Figure 29. Closeup of Representative Strips
of Thermal insulation Removed
from the Improved Experimental
Generator after 3772-hrs operation
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With the exception of insulation imediately adjacent to the
hot-strap portions of the thernmoelements, the resistance of the
thermal insulation had decreased from a value of about 20 megohms
(for new insulation) to 10,000 to 200,000 ohms for insulation
that had been subjected to operatiing conditions encountered
during, duration tests of the generator. When using conductive
flat bar-type probes, placed parallel and 1/2 inch apart across
the width of lon itudinal strips,shcwn in Figure 29, resistance
varied from hO0-800 ohms. Since such measurements were made at
room tempera'.:ure, it is estimated that' similar measurements
rmade at the elevated temperatures encountered in the generator
would show rezistance values as low as 40-80 ohms. Such a large
decrease in the electrical resistance of the insulating material,

'oupled with the fact that thl< insulation was generally in
contact with as much as 40% of the surface of each thermoelement,
suggests that a majority of the power losses experienced during
the latter stage of the performance tests were,indeed,caused by
electrical shorting between the thermoelements.

An additionatl factor, which will require future examination
of the thermal insulation, is the possible deterioration of the

thermal conductivity of this material. Lowered electrical
properties suggest that the thermal insulating properties of the
insulation may also have degraded significantly. with a corre-
sponding increase in thermal shunt losses.

An examination was made for broken thermoelements by visual

and probe inspection. Element 363, an it-type thermoelement
shown in the center tier of Figure 20, was found broken at the
Ti site. FaiJure of this thermoelement did not appreciably
affect the performance of this parallel-series connected gen-
erator, attesting to the value of redundancy in generator cir-
cuitry. Failure of this single element would account for less
than 1% of the power loss experienced. leavinr the riot-rlorted

zn~ulatlc aiuld pjtsiuiy some thermoelement degradation to account
for the major power losses.

With the exception of the broken element and the deg:,aded
thermal insulation, all other components of the generator ap-
peared unaffected by their prolonged exposure to vacuum and high-
temperature conditions.

The results of this evaluation and performance analysis
clearly show that there is a need for better long-lived thermal
insulation for improved high-temperature,space-type power gen-
erating systems. Because of the significant effect that the deg-
radation of its thermal insulation had in the power output of
the generator, it is likely that degradation of its thermoelectrik.
components was less than half of the 9% decrease experienced.
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More specifically, it is estimated that the thermal insulation
accounted for 5% of the loss In power, output, with degradation
fom all other causes (including a broken thermoelement.) amount-
ing to about 4%.
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M.TST FACIUTY FOR ITD

The test. fa-il-ity, as shown -In t1-he functional dfagram of
igur 30%, was designed with a f:~-,-or long, ~0-r)

sustCained li1fe t;est~s and many (50,0) -khermal cycli-Lgealaios
The overall alitIa pa tter-ned after one use6 a, U Monsanto
Research Corpo-ration fortetinTe~rmoel'ec tr4_c generators,
thermoDellement-s, and m-a terilals.

Essent-ially,,the t-est facLIlity consi~st-s of a hilgh-vacuum be---
jar apparatus (Veeco 240i2.,shown in the center of Figur-e 3Q,
T.her~moelectr-I speciimens or gene ra toars wo'uld be mounted within
the 18-inch x 10O-inch transdar~ent bell ja -' for evaluation by
sust-ained t-es,,i1ng and thermal- cyc-ling. E-lectrIc power,' p~rov~d-*ng
energ~y to the reqlULired Ihigh- temperature heat sour~ces, would be
supp-lied b-y either t-he 2-E.71" tr-an~sf-ormer built- Into the Veeco
unit, or bL1y t-he _10-InVA step-doow~n `.ranszformer shown to the right.
of the Veeco 4.1011 In F-igure 30. Th-e 2-KJA transformier may be con-
trolled manual y orý a;- ornatf.cLally The automat-ic- co~ntrolcrct
consist5s of the TherMac, 7Regula'tor, Magnetic- Amoli_,ier, and
S a tur a ble R e a c tc r s ho wn zto th.;e r - D Ig-_It i.n Fi-*Lgur.e 3 0..- The remainilng
Itt.wo items in t_-his grouping, the Dat-a-T-rak and Percent-age Timer,
are used to sup ply the desired thermnal cycli2ng or long-teTn life
test progOrams toD Lt~e contUro-. eauipment;. Two mulIti-po int -recorders
(shown to t-he left i~n -Figulre 30). are used to collect, data as the
various tests are run. Aselector switch is provided inore

tht ndivIdu-,al data lines may be accuratl ape yamli
volt Dote~ntiometler.

Compoent slectin fo the est ..i-iy was based on re-

liailtyand I ompa;tf:b::y wit the takrairements. Adtoc
a tt-en;:L on was dev3ted towari mnakingr the test. flacility versa-- 114
SeverTal' modifi,-catilons,. with r-espect Lo Monsanit-o Rese-arc-h
C~orporatiion'Is, test- fac ;.Ii-*ty, were -made to insure safe ty to RTD
pe~rson~nel and e qip4CM e n t

Furt-her dJesc~--pt~or. of so:r-e o' t-he fauesof tC.he pieces
of equipment shown in, F-JSure 30 follows.

-. Vee co Vac-uu Unlt

Thi vnt i s igh(l0( :rr)vacumsystem: com-r~se-d of an.

l-n h x 30-inch bel I Iar, puimp Iing Sys t-em, wvapat:-,ol. and a.
RG-'3`A Ionization Gauge Cont-rol. The- `Evac'a~rol conczssts o-ofa

autotrasfrte an a mutil tae seond a ry szep-down
t r ans fo rm er wi_ ýh a 1 C 1VA c a Dabi0.1 i: T-1- ne K-VA. unit c4an be u sed,;
fo --r~i4 is ce 2 an ecs fiam.ent a no d-enerat3 r h-e-at source de-Manos
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It is a convenient unit fov both manual and automated control of
heat sources used in testing generators. The versatility of the
Veeco 401 unit was enhanced by the following modifications:

a. The vacuum bell jar and base plate can be
mechanically raised to allow easy access to
feedthroughs and octal headers.

b. Wiring changes provide heater element and heat
source dropout, should power failure and subsequent
loss of vacuum occur. A manual reset Is required
to restore the heater power supply.

c. Both the autotransformer and the step-down transformer
(2-KVA system) were wired to Hubbell connectors on the
front panel of this u.iit, allowing for full or partia"
interconnections for manual and automatic control.
Automated control equipment is directly adaptable to
either a 2-KVA unit or a 10-KVA power unit, both of
which were provided.

d. An additional meter was supplied to record the voltage
applied to the heat source.

e. A panel, comprising a variable 0-100 ohm load and
a precision four terminal current shunt, was mounted
on the rear of this unit.

2. Data-Trak and Percentage Timer

... .. ,, .. in the muitiple unit panel at the right
of Figure 30, offers a linear potentiometer output in response
to a metallized paper program chart. Normally, the time variable
is controlled by manual changing of gear ratios and/or motor
drives. A remote control is available which applies DC braking
bias to the druum motor, intevrupting motion. By use of the
Percentage Timer and this remote control feature, the program
functions can be extended. Under these conditions, all ramp
futictions become multi-step functions. However, thermal inertia
of the heater and surrounding media 7uppresr-e-, the mult'-c!tcp Input
and createsa smooth thermal change. This whole feature ailows
many time pattern variations without having to alter program
charts or gear ratios.

3. Thermac

This unit is also shown in the right panel of Figure 340.
The device accepts the potentiomcter output of the Data-Trak,



and by means of comparison to a sampling thermocouple, originates
the heater control signal. The unit also has manual control
(open end), set point control, and output limiting.

4. Magnetic Amplifier and Saturable Reactor

A Fincore magnetic amplifier and saturable reactor, as sb''.
in the right panel of Figure 30, provide the final linkage to the
10-KVA or 2-KVA transformer. The magnetic amplifier accepts the
control signal from the Thermac and supplies the control bias to
the saturable reactor accordingly. The reactor will operate from
a 220/440 volt source and be capable of a l0-KVA output.

5. 1O-KVA Transfor'mer

This unit is shown in the lower right of Figure 30, adjacent
to the Veeco unit. The primary was wired for 220-440 VAC and
the secondary tapped for 4, 10, 20, 40 VAC output. Connections
between this unit and the saturable reactor were made by cable
and Hubbell connectors. Selection of either the 1O-KVA trans-
former or 2-KVA transformer was made at the base of the be!l Jar
by means of bolt-on connections to the heater feedthroughs.

6. Regulator

This device is also shown in the right panel of Fl-ui-" 30,
and In n Barbe.-Coleman current regulator. Its purpose is to
prevent excessive heater current during Initial warm-up. Sinc.e
heater element resistance increases with temperature, overloading
of the equipment will occur at initial warm-up. However, the
current egulator measures the heater c.urrent by means of a
current transformer and modifies the input impedance of the
magnetic amplifier. This unit has a manual set limit provId•d
by an external control potcntiometur..

7. Current Transformers and Switching

Two current transformers are necessary for feedback infor-
mation to the Barber-Coleman unit just discussed. One 1: provided
with the Vecco unit and housed within the vacuum unit. The
second is mounted above the 1O-KVA transformer (shown in same
panel as l0O-KVA transformer In Figure 30 ). The Veeco unit has
taps for primary currents of 0-100 amperes and 0-1400 amperes.
The second current transformer has taps for 100, 200, 400 and
800 ampere ranges. In all ranges, for both current transformers,
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sec•udi--- caurients will be 5 amperes full scale. Since hign
p erentiais can exist across the secondary windings when unloading
the transformer, a 3-pole, 2-position switch with self-shorting
action is used for selection of either unit. A 0.5 ohm load is
used across the unused current transformer at all times, pre-
venting any lethal voltages.

8. Multipoint Recorder

Two Speedomax or similar units, shown in the left panel of
Figure 30, having twelve-point capacity and strip chart drive,are
required. One recorder is used for thermocouple monitor'ng. The
other is equipped w-th vo2tage dividers for accurate reduction
of any voltages which exceed the 50-mI!livolt recorder range.
Easy access to both recorders allows for rearrangement of this
concept.

9. Potentiometer Selection Switch

This switch is shown below the recorders in Figure 30. This
24-position, 2-pole, selector switch terminates in a pmir of
output terminals for monitoring with a manual laboratory-type milli-
volt potentiometer. The potentiometer is not supplied as part of
the test facility.

The facility consists of two major circuits, the heater ron-
trol and data recording circuits. Figures 31 and 32, respectively,
illustrate the wiring detai2s and interconnections of the various
pieces of equipment ;w:hich comprise the test facility.

The completed test facility, described in Figures 3C, 31 and
32, is shown in Figure 33. After initial assembly and testing,
the improved experimental model generator -as installed in the
unit. The RTD facility was in sustained cperation for 3272 hours,
maintaining a hot-Junntion temperature of about 12C0 0•_• nd at a
vacuum of lo-5 to 10-6 torr, providing thermal cycling conditions
as required. The only probllems encountered with the facility
were centered about the temperature controller "hic!_ failed in
setpoint mode several times. The circuit board w.,as returned to
the factory and repaired each time. During repair of thi', com-
ponent, the facility was operated in manual mode for approximately
500 hours.

Performance of the facility dur'ng the duration and therx-a!
cycling tests of the improved experimental model generator proved
its capability for long (50C_-hr.), sustained llfe tests and many
(50G. thermal cycle evaluations.
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D. CC1ON1TRSVA~CIH

Junction-Forming Technique

It was necessary, due ,o unexpected problems encountered
during operation of the improved laboratory model (50--watt)
thermoelectric generator, to ex.end effort on portions of this
phase in agnitudes not originally intended. Never-theless
significant progress was made towards achieving p'roje't goals and
advancing the state of the art.

Considerable effort was expended under this phase in an
attempt to solve the problem of the intermediate-junction tem-
perature limitations revealed wher they were exc-eded in the
50-watt generator. Although single thermoelements and multi-

element couples survived long-time (>lCOO-hrs.) duration testing,
the incorporat-io- of thes- elements into the ring-type generator
design resulted in a change in thermal profiles along the thermo-
element. These thermal changes resu] ed in o af
1MCC 40 segments at temperaturev above their operating range and
an early demise at their junction with the graphite intermediate.
The mechanism of failure was found to be the chemical reaction
of one component with the graphite. The melting point of the
compounds formed by this reaction was found to be sufficiently
lower in magnitude to cause al. incipient melting condition at the
bonds. Once this condition was initiated, 1% proceeded n a
progressive manner and resultec in the catastrophic failure of
the thermoelement at this junctfor. The Lmmediate problem, was
solved by careful screening and fabrication control to insuresafe operating temperatures at these potenrtial sites of troube.

Extensive effort was also expended to modify the fabriation
equipment and techi.D2ogy iln order to produce i/4-inch diame ter

tiiermoelements for construction of the improved experimental gen-
erator. P-type segmented the--moelements were produced in
diameters of 1,/4 inch by direct extrapolation from the techniques
used for production of 3/3-inch diameer tIh-•enr•moeiements,. The
L/A ratios of the smaller ther-moe I_:ments were increased Zo coýIfo..M
with radiator- and efficency goals for the improved experfmn-'ta
model (Iz5-,att), as we'll,. as the necess Ity of litr.ring the inter-

d.o temperatufe to a safe o-eratngf.(. . level. The
necessi ;y for proper marching of thermoelt-Aric materal segments
for incor.. ,ra.tioxn into a device was grap._fcally demonstrated by
the considerable u:i...cu%: encountered when changng the n-type"- 1) - d ~ me *,; _- 4 , g Cln e n- type-
the rmoe le.,ent-s from the 3/'-inchameter .sed in the adanced
experimen.tal m.odel generato- to the _,4-,nch diameT-er requ'red
fcr the iMprove.d , exe. p e nVal r oe LII le ratQr The tInrease in
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L/A ratio significantly aggravated the thermoelectric property
mismatch between the n-type MCC 60 and ?MCC 40 segments. This
mismatch in properties occurs when either the generated voltage
or the internal electrical resistance deviates sufficiently be-
tween two series-connected material segmentsand results in a
decrease in power output. The assignment of primary effort to
this problem resulted in an adequate solution by means of technique
modifications and improved control in the fabrication of the
elements. L/A ratios were successfully increased from 2.3 cm-1
to about 5.5 cm-1 .

The siuccessive scaling down of thermoelements rr i V/2-inch
to 3/8-inch to 1/4-inch diameters during this period revealed a
proportionate increase in the sensitivity of thermoelectric
prcderties to the variables inherent in the fabrication techniques. -

The modification and control solutions developed were probably
not optimum, due to time limitations, but permitted the production
of 1/4-inch diameter thermoelements ranging from 0.1 to 0.2 watts
power output for both p- and n-type segmented elements operating
at the generator de-3ign temperatures of about 12000C Th, 850°C
Ti and 5000C Tc.

One of the major fabrication variables controlled was that
o-f material density. This problem of thermoelement density
variations was traced to unpredictable variations in friction be-
tween hot-press die parts. In conjunction with the greater surface
to mass ratio in 1/4-inch diameter thermoelements, this became
such aflarge percentage of the total pressure required that it
was no longer a negligible value as -.ad been the case in consol-
idation of larger elements. Additionally, difficulties were en-
countered in reproducibly compounding the minute quantities (as
1 mole-% additive in a segment weighing less Zhan I gram) of
powdered materials required to produce l/4-inc' diameter thermo-
elementb. Stringent efforts to better contro_ f both these
variables by technique refinement resulted in a sufficiently
satisfactory means of producing the desired quantity of acceptat.e
thermoelements to construct this generator.

Effort wa also required to solve the problem of reproducing
strong bonds in the more fragile 1/4-inch diameter elements. The
greater L/A ratios in these elements produced greater leverages
on the bonds between the thermoelectric material segments and
their graphite contacts, resulting in separation problems in less-
than-perfect bonds. Surface preparation of the graphite was
found to be the critical factor and, after evaluation of several
rather complicatei machining methods, simple preparation methods
evolved that resuited in segmented thermoelements which coul!d
not be broken by applying strong bending forces with the fingers.
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The production of more uniform anr. shallow serrations In the
graphite contact was found to result in improved (power) junction
electrical resistan-e as well as high mechanical strength.
Coarse emery cloth was found to produce the most satisfactory
surface fcr the bonding of MCC 50 and MCC 60 to graphite at high
fabrication temperatures. For the lower temperature bonding of
MCC 40 materials to graphite, the best surface was produced by
rubbing the graphite on an 8-inch double-cut bastard file, in a
dir'ection parallel to its teeth, to produce uniform grooves.
Rotating the surface 900 and repeating the process produced the
quality of surface required for good bonding.

An investigation was undertaken to determine the electrical
resistance characteristics attributable to various portions of
the thermoelements. The primary purpose of this study was to ob-
serve the range of resistance, including interface transition
zones and bonds, of the individual thermoelectric material segments
and the graphite end contacts by obtaining electrical profiles of
multi-segment thermoelements in actual operation. Such profiles
furnish indicative data on where work is needed to improve both
quality and reproducibility in generator-type thermaoelements. A
number of 1/4-inch diameter thermoelements were measured in vacuum
at Th temperatures of about 12000C, Ti of about 8750 C and Tc
temperatures of about 480°C. Temperature readings were obtained
by thermocoupitz implanted at the Th, Ti and Tc sites and cor-
roborated by radiation pyrometrywhere applicable. Values were
measured using currexit probes across the total length of thermo-
element and by attaching or implanting voltage probes (illustrated
in Figure 34) at:

a. the output end of the graphite hot-end contacts;

b. the hot junction between the graphite contact and
the MCC 50 Dr MCC 60 segment;

c. the graphite intermediate junction disc, between.
MCC 50 or MCC 60 and MCC 40por MCC 40 n;

d. the cold junction between MCC 4 0p or MCC 4 0n and
the cold-end graphite contact; and,

e. the output end of the graphite cold-end contact.

This pattern permitted assignment of resistance values tO the
specific points of interest along the element. Five p-type
and fifteen of the more troublesome n-type 1/4-inch diameter
thermoelements were measured in this study and the results are
tabulated in Table .
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Table 5

ELECTRICAL RESISTANCE OF SEGMENTED
-1/4 INCH DIAMETER THERMOELEMENTS

Resistance, ohms
MCC 50 MCC 40(n) Ful"

Element Graphite or or Graphite Length
No. and Hot MCC 60 MCC 40(•. Cold Thermo-

Type Contact(l) s Segment Contact( 4 ) Element

1-p 0.0015 0.0145 0.0150 0.0033 0.0343
2-p 0.0016 0.0178 0.0203 0.0029 0.0426
3-p 0.0016 0.0120 0.0166 0.0026 0.0328
24-p 0.0017 0.0177 o.0106 0.0020 0.0320
5-p 0.0025 0.0132 0.0151 0.0027 0.0335
1-n 0.0022 0.0312 0.0181 0.0034 0.0539
2-n 0.0021 0.0254 0.0188 0.0026 0.0489
3-n 0.0037 0.0317 0.0294 0.0036 0.0684
4-n 0.0036 0.0273 0.0274 0.0030 0.0613
5-n 0.0034 0.0318 0.0141 0.0030 0.0523
6-n 0.0037 0.0183 0.0200 0.0031 0.0451
7-n 0.0025 0.0170 0.0309 0.0022 0.0526
8-n 0.0028 0.0183 0.0313 0.0029 0.0653
9-n 0.0057 0.0290 0.0252 0.0027 0.0626

10-n 0.0050 0.0126 0.0237 0.0021 0.0434
11-n 0.0060 0.0305 0.0239 0.0024 0.0528
12-n 0.0096 0.0121 0.0274 0.0023 0.0514
13-n 0.0017 0.0196 0.0240 0.0023 0.0476
14-n 0.0027 0.0115 0.0199 0.0026 0.0457
15-n 0.0013 0.0178 0.0308 0.0027 0.0526

1) Approximate length of hot graphite contact, I/4 inch

2 Approximate length of MCC 50 and MCC 60 segments, 5/16 inch
Approximate length of MCC 40p/40n segments, 3/8 inch
Approximate length of graphite cold contact, 1/2 inch
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Resistance profiles were also determined by the same methods
for three p-typt and three n-type multi-segmented thermoelements
of 3/8-inch diameter. These results are tabulated in Table 6.

The electrical resistance was calculated, in all cases, from
measurements of the current produced by and flowing through the
operating thermoelement and measurements of the potentiometric
voltage drop between two points along the element. Using two
measured conditions with the circuit loading varied (usually
open-circult and matched-load conditions), the actual electrical
resistance (or difference in resistance) between two points along
the element was calculated by dividing the difference in measured
voltage drop between these points by the difference in measured
current. This four-poInt pr-be meethod, using the electrical out-

put of the thermoelement, is more accurate and representative of
thermoelectric behavior at temperature than such methods as the
classical Kelvin technique of passing a measured current through
*a material.

In general, the total electrical resistance of n-type thermo-
elements was higher than that of p-type elements. It is believed
that this was due in some part to diffusion of components of the
n-type materials into the graphite contacts during fabrication.
This hypothesis is supported by observed phenomena and reported
under Fundamentals Investigations in this contract and by previous
Monsanto Company-sponsored junction research. Variations in the
electrical resistance of both p- and n-type thermoelectric mate-
rial segments also appeared to generally correspond to density
variations - mentioned earlier as a fabrication problem for 1/4-
inch diameter thermoelements. The randomness of the high resis-
tance points as to their occurrence at bonds, junctions, and
contacts illustrates the complications in fabricating complex
multi-material systems.

The resistance values reported in Table 5 are representative
of values for single material segments tested in the past. The
electrical resistance of graphite contacts, however, were previ-
ously measured for 1/2-inch diameter thermoelements and found to
be negligible. As indicated by the data of Table 5, for i/--inch
diameter thermoelements with L/A ratios of 5.5 cm-1 as compared
with 1.9 ",m-1 for 1/2 inch diameter thei'moelements, the electri-
cal resistance of the graphite contact is not negligible and
accounts for about 10% of the total thermoelement resistance.
The data of Table 6 indicates that the 3/8-inch diameter thermo-
elements, having an L/A ratio of 2.3 cm-., were unexpectedly

worse in this respect with junction and contact resistance ap-
proaching and exceeding that of the thermoelectriC material in
some cases - at least 38% of total element resistance. WJ.'le it
should be noted that tb ase elements were rejects from earli3er
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generator construction, the primary reason for rejection was
excessive interface temperature. This rejection factor and the
high contact resistance are probably •nore than coincidence, but
it is believed that a large part of the improvement that made
the production of I/4-1nch diameter' thermoelements feasible dur-
ing the duration of this contract is the result of the extensive
effort expended on Junction •mprovement.

Some effort has also been expended on • =
vary•no temperature-

pressure cycles in the fabrication process and the modification
of Junction zone materials between thermoelectric material seg-
ments. While these efforts did not produce reproducible or use-
ful thermoelements, the lattice structure and molecular compound
C •0,.•omblnat•, .s of the polycrysta!line MCC-based thermoelectric
mater.•ais appear to be sensitive to changes in fabrication tech-
nique. The techniques utilized in the fabrication of elements
for the 50-watt generator permitted reasonable contro! of these
variables and adequate matching of thermoelectric [;roperties.
The state of the •rt is not developed in sufficient degree to
produce optimum properties in these materials, but, nevertheless,
permitted satisfactory functioning of the devices in which they
were used.

Attempts to improve the properties of the MCC-besed thereto-
electric materials by varying temperature-pressure cy,:les during
hot-pressing of the•q•oelements resulted in a useful slde-effect.
It was discovered that the reaction between MCC 50 oi' MCC 60 and
graphite could be produced at lower temperatures than normally
used. Both materials were joined to graphite at temperatures as
low as 14C0°C, producing metallurgically sound and mechanl •liy
strong bonds. Th•s increase in potential range of cycle vari-
ation offered promise for the eventual exact matching sf thermo-
electric materials to device design requirements. Both MCC 50
and MCC 60 were subjected to examination under the l•00°C fab-
rication temperatures. MCC 50,fabricated under these conditions,
exhibited substantial density variations between the ends and
the certer when segment lengths in excess of 0.2 inches were
attempted, ranging from about 85% of theoreticai density at the
ends to as low as 30% at the center. The variation in density
resulted in high stress levels in the specLmens, as manifested
by high sensitivity to mechanical and thermal •hock. This
problem is less critical in the MCC 60 material. A few elements
of excellent strength and stability were produced of both mate-
rials at 1400°C. X-ray diffraction and spectrographic analyses
indicated that compounds and structures similar to those pro-
duced by 2000°C fabrication resulted, but, as tabulated in
Table 7. parameter measurements revealed drastic changes in
thermoelectric properties including electrical resistivity.
Seebeck coefflc•ent and thermal conductiv!ty (indicated by AT).

!
!
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Table 7

PROPERTIES OF MATERIALS FABRICATED BY HOT-PRESSING AT 1400°0C

Spec. Material Th, °C TC PC AT, °C S,'v/°C p, ohxn-eC.r

ýTE-33N MCC 60 1205 764 441 38 0.076

LTE-35N MCC 60 1145 741 404 18 0.020

LTE-44P MCC 50 1188 608 580 309 0.159

LTE-23N MCC 60 1199 720 479 202 0.052

LTE-76N MCC 60 1198 1008 190 75 0.033

Since the properties produced were variable and, in general, below
the performance of the units produced at higher temperatures,
MCC 60 material was pressed at 20500 C and crushed to powder. The
resulting material was then pressed at 1400 0 C in an attempt to
gain a better understanding of the mechanisms involved. The re-
sulting specimens exhibited properties similar to those of mate-
rial that had not been treated at the higher temperature, in-
dicating that a definite and permanent structural modification
was produced by the fabrication temperature variation. While
initial results are not conclusive, the great variations which can
apparently be induced in the properties of MCC-type thermoelectric
materials by modifications in formulation and fabrication tech-
niques indicate great promise for the technology. With addition-
al understanding of the art, it should be feasible to tailor-make
a thermoelectric material to yield optimum performance in a de-
fined application without real or significant limitations within
characteristic ranges, which appear to be extremely wide in
comparison to normal semiconductors. Useful devices are presently
produced by cut-and-try methods, since present understanding of
thermoelectric phenomena with this and other high-temperature
materials is limited. Nevertheless, the technology of the fore-
seeable future appears to be amenable to improving and controlling
thermal conduction, voltage output, electrical conduction, resis-
tance to solid-state diffusion, and thermal cycling damage.

An investigation of techniques to prevent catastrophic fail-
ure of MCC 40-graphite bonds when exposed to high temperatures
for long periods of time, was undertaken late in the program.
Previous Monsanto Research Corporation-sponsored research on en-
capsulation of thermoelectrics indicated that containment of the
Junction within a thin refractory shell should be feasible. Eval-
uations were made of MCC 40 thermoelements hot-pressed in a graphite
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die liner. Results of initial tests on both MCC 40N and MCC 60N,
presented in Table 8 for shells of 0.010-0.020 inch wall thick-
ness, indicate that this technique could improve junction stability
and decrease the problem of electrically matching thermoelectric
materials in multi-segment thermoelements.

Table 8

PROPERTIES OF ELEMENTS FABRICATED IN GRAPHITE SHELLS

Spec. T• AT, 0C 8, _Lv/0 C p, ohm-cm P, watts

783 903 198 236 0.0017 o.081

(1MCC 4Cn) 997 215 233 0.0016 0.096

1101 249 209 0.0014 0.117

1204 259 184 0.0015 0.092

785 903 243 222 0.0022 0.089

(MCC 40n) 1000 279 213 0.0021 0.112

1101 304 204 0.0019 0.133

1203 328 187 0.0018 o.142

795 1204 313 133 0.0027 O.O42

(MCC 60n)

In summary, many 3/8-inch diameter and 1/4-inch diameter
thermoelements were fabricated under this subphase of the
contract for the purpose of evaluating junction-forming tech-
niques and constructing the advanced and improved experimental
model generators. While considerable effort was concentrated on
the solution of unexpected MCC 40 junction failure problems in
the advanced experimental model generator, :abstantial progress
was made in the advancement of hot-press fabrication technology.
The operating temperature limits of MCC 40-graphite junctions
were established and techniques developed to keep these temper-
atures within safe limits and to protect the junctions against
failure, in case of accidental generator overheating. Extensive
modification problems were overcome in both equipment and tech-
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niques, caused by anelement size reduction from 3/8-inch to 1/4-
inch d'.ameters and the resultant increase in L/A ratio 6-sign.
A sufficient number of good quality, smaller elements were pro-
duced to permit construction of the improved experimental model
generator. A substantial improvement was made in material density
control, refinement of thermoelectric powder formulation, and
in the quality and reproducibility of junction bonds. Both
mechanical strength and electrical conductivity were improved by
an estimated 15-20% during this program. Electrical resistance
profiles were investigated in thermoelements produced, and the
sites for most effective improvement and the methods to best
accomplish the improvement established. An investigation of the
potential variations attributal-le to changes in fabrication tech-
niques instituted and the potential scope determined.
Progress in advancing the state of the art of junction-forming
techniques, while not as extensive as would have been desired,
succeeded in both solving all immediate problems submitted to
this subphase and, simultaneously broadening the base of knowledge
necessary to permit more effective use of thermoelectricity in
the future.
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2. Arc-Plasma and Flame-Spraying Studies

The overall objective of this phase of the concract was to
Th ovrl obc tehiuefrobann

continue investigation of the plasma spray technique for obtaining
usable thermoelements of' any desired configuration, with emphasis
on encasi-g a cylindrical. substrate with segmented thermoelectric

aer , appropriate junctions and leads, for evaluation.

Although t-he arc-plasma and flame-spraying facilities were
required in the repair of the 5C-watt generator -o a considerably
greater degree than originally anticipated, all goals established
initially for this phase of the experimental work were achieved
during the contract period.

The large heat losses and high fabrication costs which are
characteristic of thermoelectric generator designs employing
radially mounted hot-pressed thermoelements could be significantly
reduced if, for example, doughnut-shaped thermoelerients could be
produced by arc--pl asma and flame-spraying methods. Spray techniques
could also permit greater flexibiility in the shape and capacity
of thermoelectric generators. Thermoelectric coatings surrounding
a central heat source could ultimately offer high current or volt-
age capability, as well as improved thermal efficiency, owing to a
reduction in the heat losses which are experienced with radially
mounted hot-pressed ther-moelements.

The technical program for this phase of the project consisted
of determining the spraying techniques required to produce generally
ac •eptable coatings of individual p- and n-type thermoelectric
ma;erials on graphite cylindrical substrates, attaching electrical
lead wires to such coatings, and screening specimens for thermo-
electric characteristics, thermal shock resistance, and selected
physical properties. Where possible, coating properties were to
be correlated with process variables involved in the spraying and/or
postspray thermal treatment of coated specimens. - and n-type
segmented thermoelements were to be produced by appropriately com-
bining sprayed hIggn- and low-temperature materials and promising
segmented spectmens were to be screened at a hot-.1'mnction tempera-
ture of 12000C In a vacuum to determine thermoelectric charactcris-
tics, thermal shock resistance, and sublimation loss. Cutting
techniclues wcre to be considered for controlling the area-to-length
ratio of sprayed thermoelem[ents, and the effect of this ratio on
thermoelectric propertiec was to be observed. Finally, a p-n couple,
consisting of sprayed p- and n-type segmented thermoelements, was to
be fabricated, evaluated for 1000 hou.S, and thermally cycled to
observe overall perform-ance.



In addition to fabricating spraye- thermoelements. arn-
plasma and flame-spraying techniques were to be employed for
producing low-.res-stance contact joints at the gr"aphite terminals
of hot-pressed thermoelements for screening, in the repair of the
50-watt advanced laboratory model generator, and the construction
of the 15 watt improved experimental model gencrator.

Various types of aquipment were utilized for the experimental
work in this phase of the program. A 25-KW, Model SG-3, and an
80-KW, Model SG-2, arc-plasma spraying unit (Plasmadyne Corp) were
used for producing coatings of MCC 40 (p anc2 n), MCC 50 and MCC 60.
Feed powders, transported in a carrier gas stream, were injected
into the plasma stream through a feed port in the anode near the
nozzle exit to induce miciting. Feed powders of appropriate size
were introduced into the carrier gas s "ream from a type 2MP volu-
metric powder feeder (Metco) or a canister-type feeder (Plasmadyne)
employing a double tube venturi. A special MRC apDaratus provided
variable speed rotation and transverse movement of graphite cylin-
drical substrates during spraying. A type 4E fnetallzing gun
(Metco), employing an oxygen-acetylene flame, was used to produce
sprayed molybdenum joints in selected a,.eas. Associated facilities
utilized during this work included type 7B spray bo-ths (Metco),
a type 2CW wet collector (Metco), a type EN-2 blast cabinet
(Pangborn),and a Model D industrla) abrasive unit (S. S. White).
Evaluation of sprayed thermoelectric elements at high temperatures
was accomplished in a Model VE-401 (Veeco) or a Model BD-40V
(Bon-De) vacuum. system.

A water-cooled, controlled environment spray chamber, 30-inch
I.D. x 48-inch long, was acquired by Monsanto Research Corporation
to permit comparison of thermoelectric and physical properties of
coatings produced in non-oxidizing environments with those of
specimens prepared under normal spraying conditions in the atmos-
phere. The unit was installed and tested in the latter portion
of uhe contract period. The gun-holding mechanism supplied with
the unit was extensively modified to provide additional flexibility
in adjusting substrate-spray gun positions. A remote-controlled,
multi-specimen, rotating-transversing device wa2_ designed ard fabri-
cated for manipulating cylindrical substrates inside -f tne chamber.
Small, isolated leaks in the system were located and iealed.
Initial tests were completed in which the system pressure was
reduced to about 50p. -Hg, welding-grade argon added, %ad coating
deposition accomplished in a positive-pressure, recirculating,
inert atmosphere. Although the overall operation of ;he chamber
was considered to be satisfactory, experimental. effor-, in this
area could not be emphasized to the extent desired. Production of
thermoelectric coatings on a regular basis was not accomplished
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during this contract period and none of the individual coatings
produced in initial work were conaidered to be of sufficient
quality to .ustify determination of thermoelectric properties.

Various experimental studies were required to produce satis-
factory coatings of MCC 40, MCC 50, and MCC 60 by arc-plasma
spraying. A large number of feed powders in selected particle
.Bizes were studied, including mechanical mixtures of elemental
and/or reacted materials and sintered powders prepared from high
quality aid low grade elemental components. A description of feed
powders utilized for producing sprayed specimens in this experi-
mental work is shown in Table 9. In general, spray powders pro-
duced from crushing and sizing of completely prereacted components
have yielded thermoelements with the most promising thermoelectric
properties. The effect of using prereacte.i components, as compared
to mechanical mixtures of elemental constituents plus dopants, will
be observed later when thermoelectric properties of individual
MCC 40, MCC 50 and MCC 60 coatings are present[ed as functions uf
feed powder composit'cns and test conditions. Additional studies
aý-pear necessary to more precisely define the prereacticn cycle
(time-temperature-pressure-atmospbere) which should be utillzed
to prepare the most promising feed powders for producing improved
thermoelectric coatings of MCC 40, MCC 50 and MCC 60 by spraying
techniques.

A large number of thermoelectric coatings were applied to
hollow graphite cylinders (mostly 1/2-inch diameter, 5/8-inch
long) using the 25-KW or 80-KW arc-plasma spray guns. To achieve
satisfactory bonding of the coatings to the graphite substrates,
the latter were outgassed at about 9000C for 1 hr. in vacuum. In
early work a thin molybdenum coating was applied to the graphite
substrate prior to deposition of individual thermoelectric materials;
later, direct bonding of thermoeLectric coatings to outgassed gra-
phite was achieved with apparent improvement in bond strength.
Most coatings were produced u54ing argon or 5% hydrogen-arr'Dn arc
gas, argon or helium powder carrier gas, and nitrogen gas for
substrate cooling and plasmajet deflection. Plasma strea-T en-
thalpy was varied over a wide range to observe its effect on
physical and thermoelectric properties of coatings. Powder fe'ed
rates were generally adjusted to achieve satisfactory mel-king
and deposit efficiency "'or the operating conditions studied. The
overall range of selected operating conditions which were found
to be most satisfactory in this study is shown in Table 10.

Physical properties of selected coatings were determined
during this program in an effort to correlate such properties
with thermoelectric properties and with spray conditions. The
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Table Io

SUMMARY OF SPRAYING CONDITIONS STUDIED

MCC 40 MCC 40 MCC 50 MCC 60
(p-type) (n-type) (p-type) (n-type)

No. of specimens sprayed 21 19 a7 59

Arc gas A A A;5% A;5%
H2 -A H2 -A

Powder carrier gas A;He A;He A;He A;He

Substrate cooling + N2  N2  N2  h,2;A
deflecting gas

Spraying distance, 0.875 0.625 .. 250
Inch 3.500 2.000 2.87ý? J "I

Power level, KW 5-15 4-13 19--) -tj-t9

Plasma stream 1810- 1550- 2100- 25JC-
enthalpy, Btu/Ib. 5500 5700 8190 •1 Ee

I <



vulume of coatings having, i-r.iforrm thlckness was jveadily Cal-
culated from linear measuz'ements,whlle the volume of cosat.ings
having varying thicknesses was deterttined, i-n manly cases, using
a displacement type densitometer', which employed fine glassI ~beads, nta of liquids., as displacement fh~lid. Coating
density,, ob..ained from coating volume and weigh~t, was found to
vary from apprtoxiImatelY 70 to 95% of theoretical, depending on
spray conditions and feed powder type and particle size. Thick-
nesq of unliform coatings was obtained from linear measurements;
averagn thickness of non-uni~forrn deposits was calculated from
measured c'ýating volume and 'Length. In general, coat~ng thick-
ness ranged from several mils to approximat~ely l1/8 inch during
this program. Knoop hardness measurement-s were made on several
specime-re-sing a 100-gram,% load and these results are discussed

and pesened later flTable 24) inl conjunction with microstruc-
ture observations of sprayed materials.

j eeThermoel ectri c prpriEo sprayed cylindrical deposits
wer deermnedformos ofthesa!t-isfactory- coatings prepared

L in this study. To obtain such measurements, current and voltage
leads had to 'e provided on the hotL a-rd cold portions of the
coating, aand tnstallatIon of therm~ocou~ples was required for
determination of' hot- land cold-junction temperat~ures. Oiriginaly
maolybdenum, was flame-eprayed over thý- thlermoelectric coating
which had previ.ously been deposited on an outgassed graphite
cylindrical subscrate. A thin --)pper EIGt'ap was wrapped circum-
ferentially over and bonded to the molybdenum outer coatting to

* provide current and voltage leads at the -,old junction. Hot-
Junction current and vo'-5.age leads were provided by small dia-
meter molybdenivn wire spray bonded to a± hollow graphite adapter,I which' surrounded a resistanrce-type heating elemtent. The coated
specimen was threaded onto the graphite aiapter and firmly
po.bitioned for testing. During iniAAal testing of thin thermo-

I electric coatings at 12000X hot-uinction temperature, cnly small
temperatire drops were realizedf thirough the deposits,thus result-
ing in excessive and intolera~le temperatures in the vicinity of
the cold end copper strapp. Some melting of copper was observed

Measurement of' thezm~oelect!_ric: properties was then attempt ed
directly on "as sprayedll coatings, and on moclyb.-en-an coatings
applied over thermoelectric coatings, by ub7~ng special contact
probes. However, excescive anO usu~ally inconsistent interface
resistances were observeod. The unsatisfactory results obtained
with these original techniques caused further study for a more
reliable measuring pro~cedure and res,'iltedi in the finally selected
method of spray-bonding a double molybdenum wire to the outer nioly'
denuni coating at the cold Junct~ion for i. ýe :in current and voltage

measurement-. For this purpose, the wire was grit-blasted with

1)4



alumina, degreased with trichloroethylene, ai.d bonded by flame
spraying. A small-gage ,cnromel-alumel thermocouple, for measure-
ment of cold-Junction temperature, was also spray-bonded to the

¶ outer molybdenum coating. Essentially all sprayed specimens
were prepared for testing in this manner. For specially c ".czted
specimens, thin copper fins, located radially, were spray-bonded
to the outer coating to permit achievement of greater temperature
differences through the coating wall during screening,and In such
cases an emissive coating (TEC-I) was also applied over the ex-
posed molybdenum outer layer and over the radial copper fins.
The effect of adding radiator fins and an emissive coating to a
sprayed thermoelement can be observed for a selected specimen In
Table 11. Although temperature differential and power output
were usually considerably enhanced by this technique, it was
deemed sufficient for screening purposes to compare characterls-
tics of coatings having only a thin molybdenum layer with therro-
couple and lead wires over the thermoelectric coating Instead of
the more elaborate radiator design.

Table 11

EFFECT OF RADIATORS AND EMISSIVE COATING
ON THERMOELECTRIC PROPERTIES OF SPRAYED MCC 50

Actual V'ax. Ct
Spec. Outer Surface of Coating I AT1 C lb. TE ,ate r',>

253 Molybdenum + lead wires 12014.5 100.5
+ cold-end thermocouple

253A Molybdenum + copper 1205.5 .72.0
radiators + emissive
coating + lead wires +
cold-end t;hermr:ocouple

Thermoelectrcc pn\p~rt Ie- of sprayeri, nid iv Idwii coat ! ng
on ('ylIndrlcal grar~hite sutst-.,ates were xiut; Inely dete:-,' I ned by
rnpidly heating the specimen to 1200 0 C (for MCC 50- nnd "0C tcC) .:-
about 9000C (for MCC 40) hot-Jurnit ion tr'mperlture, i•k! •-ur,
hot- rind e'old-Junttlon temrieratures im well 'I Opel -
I' r ge, o ond voltage cnd ,,urr'ent. Fz~m these 'enureeu,,:, , .e're:.
r'e t arn e, rower "rid 8 " , , '1 1. A 'nn P ,



or rod, positioned axially through the center of the
sprayed specimen, provided a hot-junction temperature of 1200*C,
which was measured by a tungsten-rhenium thermocouple. Cold-
Junctlon temperatures were normally measured by chromel-alumel
thermocouples, as mentioned above., or by optical pyrometer. The
overall measuring technique appeared to be reasonably reliable
for a relative comparison of the therm~oelectric characteristics
of sprayed specimens.

Since coating thickness and weight were arbitrax-y and not
identical for all specimens, appropriate experimental data were
normaliz-ed to permnit comparison of thermoelectric properties of
sprayed materials. Specifically, open-circuit voltage, Epcp
was adjusted to -a AT of 500 0 C, and maximum power output, based
on adjusted %E,( was determined per unit weight of theroel~ectric
material. ThIE normal tZat ion was Inltende~d to resol.'.e differenz-e3
In coating thickness and quantity of deposit., which Influence tZhe
6T across the co9.ting and the power output.

Thermoelectric properties of Individual sprayed coatings
prepared and evaluated during this program are shovwn In Tables
12 through 15. These data are Intended to provide a relatIve
comparison of TE properties of sprayed thermoelement3 as Inklu-
enced by feed powder properties., spraying variables, and o-
spray thermal. treatment. On the basis of these ccns~dc-rations,
the following general. conclusions were made regardIng the pro-
duot Ion of satisfactory, sprayed, thermoelectric coating3.

M~CC 140 (p- and n-ye: Coatings produced by spi'eying
a mixture of' elementa~l components plus dopants were
gener'ally unstable with time and usually exhibitCed
ra low power, output pe~r unit weight with gradual de-
grzad-ation in power wVhtime. The most promising
coatings were prol~uccd wit~h powder obtained b~y pre-
reactIng elemental components with dopants at ele-
vatedl temperature Ln a controlled environment,. then
crusGhing and sl-,Ing the resultant material, for
'01pra''Y In C. PAddlttonalt Studies are necessary., how-
everx, to p-.roc s.'ely iet~erm Ine the prereaelt oln oon-
Silt; torw.7 (t hme, f'prItre t.!ioaphere ) nevessary
to prel.'ýrc powdet's which will yiel~d o'oat ngs. po-o
,)eoss I r stall e, Impmrovvd they-moeJ.ectv k:c hav.cioctr-
Isi; I c-. App i-opiI ntte ,i.,e of PoSt-OPr!'Y hrl

,.r'ec~tmnent on p~- ndn-t11yi'c roatings Ipivduce~t V,
p zereveIcted Powder.- ,ippteai%- to show promilse z'oi
e~nhrir,-!ig powt.ri output. antd rC(1uý-It rg (iceflZ L o
Wz I t; I I .11)C
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MCC 50: Coatings produced from prereacted elements plus
dopantz- were readily deposited as dense coatilngs.,
and exhibited some improvement in actual power- out-
put and stability with time, when compared to coat.-
Ings prepared by spraying unreacted or partially
reacted mixtures of appropriate components. To
Improve thermoell.eet-ri c properties., the most sult-t~ble
condition for prerevesting elements and dopants In
t-his system should allso be more precisely determ~ined.
Further irrproveniext; rIn power output and more stabIlity
In thermoe].ectr_'c char'acterdistics during prolonged

~erformanceappea possible with appropriate post-
spray thermal t reat merit of' r~arti cular, prereacted
powders.

MCC 60: The most zatl:;'factory cLatlngs of this material
were apparently produced late in the prograr, using

aCOMlPletely prereacted powder. Most early studies
util~l.;.ec an elemental rixt~ure or P, partially react-ed
powder in very fine ,,. size,but essentially
all of these product-s appeared to be Inferior. How-
ever., the uoe of controlled hlgh*-ternperaturse poot-sprpy
treatment, with addltlonýA. stuidy, could convert !.:CC 60
coatings, readily prepared from miechanical. mixtures of
element~s and dopants, into physlcally arid chemi1cally
stable thermoelectrIc coat~ings of satiSfactory power
output. The alterna±te roui-:t, of preparing acceptable
14CC 60 coatIngs,, thirough depostiton of comrpletely
reacted feed powder's, w1.11. also requilre further
effort to define the most. suitlable reaction conditions
for converting a mixture of elemental ;:-oi~ponents plus
dopants Into a useful spray powder.

In general, evaluation data obtained to date -r.dIcate that
sp~rayed thermoeieements with satisfactory properties can be pro-
duced by p1 asma-spraying techniques. Basic spraying procedures
have been defined for producing physically satisfactory coatings
of MCC J40, MCC 50 and rvCC 60. However, It Rppears that thermo-
electric n!'operties could be cons iderab~ly Improved through use
of proper~y reac~ted spray powders. un-e of annmv.prlIate post..-spl-ty
thermral treatment., control. of' area-to-] engt~h character-1st les.,
employn-?nt Of more efficient overall t~her'moe2t!.nent design, a6-d
other related corls I3derat loris.

The thermal Slhock rL.aneof -sprayed therniocle~ments
wa.3 observed during routine heratIng of' spec-nwens to ,ipproprlate
hot-Junotion teriperatures fc'- Psreenlivig ind durIng -'oollnI_. of'



tested specimens to room temperature. In general, coatings
remained intact and bonded when subjected to the typical cycle
shown in Table 16 for heating and cooling, although several
specimens did experience cracking and bQnd failure.
MCC 50 and MCC 60 coatings were heated to 12000 C hot-Junction
temperature as shown; however, p- and n-type MCC 40 specimens
were generally heated to only 9000 C fori testing, although heating
and cooling rates were as shown below:

Table 16

TYPICAL THERMAL CYCLES USED DURING SCREENING
OF SPRAYED THERMOELECTRIC COATINGS

Typical Heating Cycle To Typical Cooling Cycle from
Th 1200 0 C Th - 1200 C.

E1 aps ed Elapsed
Time, Mtn. Temp.,1 C Time, Mi. Temp., C

3 'To 3 1190
6 200 6 1060
9 450 9 925

12 520 12 750
15 750 1; 620
18 925 1 450
21 1060 21 200
24 1190 24 70
27 1200 27 room temp.

As noted in Tables 12 through 15, gradual changes in
thermoelectric properties of some sprayed specimens were observed
as a function of test time. In an effort to stabilize the chemi-
cal composition and crystalline structure of the sprayed material
and to optimize thermoelectric properties, selected coatings were
subjected to a high-temperature. post-spray treatment in a con-
trolled environment. A globar-heated furnace containing mullite
tubes was used for treating nome coated specimens to I14000C in a
helium atmosphere. Higher temperatures were achieved by low-
frequency induction heating of the coated graphite substrate in
i'alightly reducing atmosphere. This was accomplished by mount-
ing the coated specimen on a graphite stud and inserting the
latter into a graphite cylinder. After central positioning of
the coated specimen, the graphite cylinder was tightly closed at
both ends and the residual air inside of the enclosure provided
a slightly reducing (CO) atmosphere around the specimen during
hiph-- temperature exposure.

112



The effect of Uigh-temperature post-pray treatment. on physl-
cal and thermoelectric proper-ties Could not be conclusively dete!-
m'ned owing to the large number, of' feed powder' corpo-itons and
operating cond-itions employed. Result-- obtained in t.hiS study
arc presented in Table 17. Although some materials were found to
be favorably affecý.ed while others w.-re apparently adverse4l'
affec"Ved by exposure to a particular thei-mal treatment, the over-
all findings did appear, to be worthy of fur-ther study, 1rn v1ew
of' progress made In defining bas-i feed powder compositions and
spray conditions during this contract pe:!Iod, more I'ntensi1ve I~n-
vesti!gation of a limited number of -sprayed thermoelomernoto appears3
poso-Ible in future work,and such addltlc~na- stud.ies should pro:v`!Je
suff'..iciert :'nformation to coricluslve~ly deter-mine the value of
pos~t-spray thermal treatment on therrmoelectric propertiesc of
sprayed thermnoe Iemen ts.

Although the significant. effect of area/length ratio on
thermoelectric properties of thermoelements was realized, this
ratio was not normally controlled during rot-.tline preparation of
sprayed coatings. For cylindrical coating,.-. the area term em-
ployed in this ratio corresponds to the average k.irc:umferentizal
coating area thrVough which the temperature gradient oxists, while
the length term c~oraresponds to the sprayed coatilng thickness. Crr
this basis, area/length ratios were caiculatroa for most coated
specimens prepared anid, in genoral, these ratios were considered
to be much larger than requirec' Ccr obtaining maximum thermoelectrice
output. Calculated area-to-length ratiloo, correspnigt
specimens screened during thi~s program, were 'kabiUated ear..iLer :n
Tables 12 through 15 tot:-ether wit-h thermoecicctrlo data frocm serven-

*Ing testb.

in a brief study regarding tne control of area-t.o-length
ratio, an abrasive cutting technique was umsea to sectlon "-he coat-
Ing of a previously screened MCC 50 specimen onto four- wedge-
shaped coating segmentr, and the effecýt of' arc!a-to-lenj-t~h iwat2.o on

*thermoelec-tric properties was experImentai Jy obse-rved. The coat-
*ing segmrent~s remained bonded toc the grapht.tt? cylindrical substrate
fcor parallel vonnection at tht, hot Junctilon and a disc-type
ra d.Iaior, flamre-spra,:'ed tu the surface of' all coating segments,
formed parallel co).d-end (.ormectloris. The effect j, area-to-lengt.:
ratio for' this particular opec lInen can be ob~served in Table 16.

Segmented p- and n-type cyl Indrilcal .1 hcrtmoel itments: work: Pro-
duced by spray-bonding concentric aym of thermoe lee tlo mrate-
vials to outlgaussd graphite cyl 1ndcr'-'.LzJ IitinIy, a coating of
high- tempera ture ma terila. wats appilled to the VJrapnl te sub-trite.
Molybdenum or a mec:hanical mIxture of' rC w t. I .1 rh~- I ewmpe ra W
materil~a-50 wt.% low- tempera ture mat~er Jal wasn then Oprayed ovez'
the initial coating. Ai co4n flwtmeauemtra a
added over the int.eunmediat.e depo-sit.
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Table 18

EFFECT OF AREA/LENGTH RATIO ON THERMOELECTRIC
PROPERTIES OF SPRAYED MCC 50 THERMOELEMENT

Ac tua I
Max.

Area/ Test Wa t ts/
Length, Time, Ib,TE

Spec. Powder Type in. Th,°C AT, 0 C min. R ohm Mater..ai

2147 MCC 50-19A 25.2 1205.0 95.5 60 0.00:.61 ,.60
(sintered)

247A " 6.3 i].98.0 229.0 1120 0.c0500 2 50

Finally, a molybdenum outer coat.inf was a•,plied, as well as
current and voltage leads, copper (-4 mi!) radiators, and cold-
Junction thermocouples, using flame-sp.,ayed molybdenum. 1mnss.lve
coating TEC-1 was appllod over the radiators and the exposeu
molybdenum surfaces, and the specimen was screened at Th of about
1200 0 C to determine S, R, AT and thermal shock resistance. Thermo-
electric properties of sprayed segmented thermoelements, screened
during this program, are presented in Table i9. Properties
measured at thc. beginning and end of sustained testing are sýýXma-
rized. Continuous performance characteristics for one p-6ypo and
one n-type segmented thermoelement are presented in Tables 22' and
21,respectively. Small variations in thermoelectric pro e:'tles
rf specimens, as noted in continuous performance data, may possibly
be attributed to marginal precision of millJvolt recorders s
for overnight and weekend data collection, compared to quaaliy
potentiometers uV .. zed during normal workIng hours. ,y -o.-:r3
of area-to-length ratio and use of more statle and properly
reacted feed powders, production of considerably improved si...gme...
thermoelernents, by spraying techniquesshould be poss.",1e.

Heating elements used during initial, contlnuous testi•lg of
the p-type segmented thermoel,,ment (Spa',. 2512B) were of the sCmne
type as employed In screen.'ng thin individual coatl.ngs and were
found to be unsatisfactory for maintaining the hot-Junction tem-
perature at i200°C during the entire test period. As noted In
Table 20, the inItial heatIng element failed afte- 2S h•urs
and a uecond heater failed after 80 hour's of Ltiotng. rapIdly
cooling the specimen each time from aboui. 1200 'C to room tempe:-
ature. Thermal shockiresultlng from these fal Iuro were app'ox-
imately 130(0C/min. during the first 5 minutc, and approximately
55 0 C/min. during the next 5-minute period. To suJect, the seg-
mented thermoelement k.o a third thermal shock ,est., tlhe heat "111,
element power was abruptly terminated at the end of 11e}cwno .



0 0 00

~~~Zh I ;
a & a d a a a a

'~. M ~ 116



C6,

-'I Ch' X0 41% 0 rl)

C4 C;' C., 17' C; .

0 V U 0 . 'D~r r ' a, r%' % C ) C . C '

'V I'- f~ -. I' Al' "" - ' Vu c C' "I U ' 0 ~ . )



'0 -jC 0 0 0

000aa0 0 00 0

Mi %C 1A 4
t4

II

0 0o 0 0 0 0 n -

.4. H m

lIik



100-nr. test, instead of following the less severe cooling rate
generally utilized. During the abrupt heater shutdown, the coated
specimen was subjected to a thermal shock cooling rate of about
140OC/min. for the first 5 minutes and 40 0C/min. during the next
5 minutes. No apparent physical damage to the coatings or bonds
could be attributed to these thermal cycling conditions. No
significant change was noted I the appearance of two small radial
cracks through the coatings which were earlier observed after
post-spray treatment of the specimen and prior to the 100-hr. test.
A reinforced, Improved heating element was used for the evaluation
of the rn-type segmented thermoelement (Spec. 345C) and no heater
failures were encountered during sustained performance testing
of that specimen.

Weight losses, resulting from sublimation at elevated tem-
peratures in vacuum,were determined for several individual and
segmented sprayed coatings. These are shown below

Table 22

SUBLIMATION LOSS OF SPRAYED THERMOELEMENTS

Cum.
Accumulated Increment Increment Wt.

Avg. Test TIme, wt. Loss, wt.Loss, loss,
Spec. Coating Type Th,*C hr. j0 . % %

339C Segmented n- J200 1.33 0.0794 0.250 0.25
type, MCC 60- 5.33 0.0058 0.O18 0.27
3 + IM-8+ MCC 20.03 0.0198 O.O63 0.33
40-6N (sintered) 75.00 0.0110 0.035 0.37

353A MCC 40-liP 850 1.00 0.0032 o.641 0.04
(sintered)

357 MCC 50-23 1200 37.00 0.0o400 0.760 0.76(.,,ntered)

A p-n couple, conri-stIng -if plasma-p-prayed segmented thermo-
elemtnts, wa6 produced and evaluated. Concentric layers of
appropriate hil-h- and low-temperatur'e thermoelectric materials
were applied to outgaused graphite cylindero (1/2-inch OD, 3/8
11ch ID, 5/8-'n,0h 1oig). Each cylindrical thermoelement contained
a femile thread,and the couple was assembled by screwing a p- and
an n-type th,..rmnoeemen1t over' a threaded, hollow, graphite holder

,/ -r'nich (D, 3/16--Inch ID). [A resnltance heater was t'1tted with
cii rrlei .t, ty irns1.de the 3,/16- .no'11) g.ID ph.!t~ holdc.'

1.19



The tota.i length of the p-n couple vaLs 1 1/3 inch. Recta:,-
gular coppe?. fins were Ottached vad.n.aliy to 3c-h thermoelement
and covered with TEC-l emlassyvc ,o,':,i•,# to provide - suitable
temperature drop acros.- each clement. The thi.ckness of the
sprayed MCC 60-intermediate-MCC 40(n) coatings on the n-type
thermoelement was nbout 9/32 inch, and that of the MCC 50-
intermediate-MCC 4 0(r) element wns :ibout ,/32 Inch. The.e coat-
ings yielded length-to-area rat.:1los of 0.048 cm-1 and 0.068 cm-•
for the p- and n-type theriiokinments,respec•tvely. At a control
temperature of 1200 0 C, average Th of 1!61.C, and average Tc of
e140 C, the output of this ,_ouple remained consta t at 0.1225
wkitt(e) for 819 hours In a vacuum of l0-5 to 10-) torr. A gradual
decline in power output was then observed, as, shown in Table 23,
to a value of 0.0662 watt(e) after 1030 hours,nt which time the
týst was terminated. Photographs of both thermoelements, after
completion of custained testing, are shoin In Figure 35. Thermal
cycling tests, performed upon completion of sustained performance
evaluation, appeared to have no sigrifi<ernt detrimental effect on
over-all p-n couple performance. Reasonu tor degradation in power
output with time are nct yet certain. Use of incompletely re-
acted spray powders and production oil unstable coating compositions,
or diffusion of individual coatIng components may be responsible
for this behavior. While microstructure of each thermoeler.arit
(shown later in F.gu•re 40) shoe distInut layers of hIgh-temperature,
intermediate, and low-tempe.rature mater.1rals, derinite conclusions
regarding diffusion of varlous components do not seem possible at
this time.

The microstructure of sevoritl sprayed, Indivldual and seg-
mented, coatings was examined using an optical metallograph in
an effort to correlate structural properties with physical and
thermoelectric chrac teist1ic-s. Plasma-sprayed specimens were
arbitrarily selected for microstructure study and do not nec-
essarily represent typical structures of ,oatings prepared under
optimized spraying conditions. In general, "as sprayed" coatinga
demonstrated a distinct laminar effect, due to the spraying
process. SpecAimefs 208C :jnd 24.1, shawn unetched In Figure 36,
were produced from feed powders cont-.ninng prereacted elemental
"components ind additives. Specimen 210B was prep,,red :'orm a feeA
powder consisting of mechanically mtxed elemental components plus
additives. From a comparison oi' these microstructures wlth that
of Spec. TE200, produced by hot-presslng, and also shown In FIgure
36, the following observations were made

a. The sprayed coatIngs contain more undissolved
dispersed particles than does hot-pressed material.

120
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Figure 35. Sprayed Thermoelements from
p-n Couple, After Sustained
PerfIoninance Testing
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b. The apparent porocity of sprayed coatings appears
to be more uniform and of smaller pore size than
that of' hot-pressed material.

c. The grain size of the MCC 50, under polarized light,
adpears to be generally very fine In both sprayed
and hot-pressed materials.

Only two phases were evident in sprayed coatings produced
from prereacted powder', whereas three phases and a distinct
uniform laminar effect were observed in the sprayed material pre-
pared from mechanically mixed powders. The mlcrostru(!tures shown
in Figure 37 were obtained aftcr etching all spec.imens clectrulyt-
-ially using 10% ITCI. As observed under polarized light earlier
with uretched spel-.mens, the grain size in all mater..als Is quite
V'fine, appearing finer in sprayed material~s than in typical hot-
pressed MCC 50 material. The extremely fine grains present In
the sprayed materials may have prevenred observation of twinned

,,phases,,, If present.

The nIcrcostrueture of' a sprayed MCC 50 specimen after ex-
posurf' to thermal post-spray treatment. Is ýornpared to that of the

toriginal "as sprayed" material In Figure 38, and the effeet of
,high-temperature (2050 0 C) exposure can be reauily observed from
:the increase In secondary phase of the treated material. Other
i MCC 50 coatings, after completion of screening tests, are shown

in Figure 39. All specimens displa:,red orilentatlon and some
appear'ed to contain small quantities of' white, unidentified mat-
erial. not, observed in hot-pressed miVerlal. Knoop hardnesa
measurements, utsing a l00-gram load, 1ndicated that "as sprayed"
coatingrs were 1,.enerally .ofter than hot-pressed materials, but
the hardnecu of thhe former could be Inc•eaned by high-temperatu.o

, post-upray ti-eatment. Photom/,crographs of screened individual
.coatings arc jresented !n Fiure 39, while corresponding obser-
vations are noted :In T,itile 214.

LCTiroStrL'Uk-,.U'eS of the p- and n-t•pe segmented thermo-
eelenlent1s used to f,,.)rm tho spcrayed p-n couple, described earlivir,
da! Ohown In L0guCes 140 ancd 4.1. The interfaces between the inter-
meol,•( ,rat eria." and both the high - and ow-temperature adjacent
= (eoatitr, wore of* spocin] Intere•:t to observe whether solid-state
dlff'u.•31on o. ru t,'r'L ,J a hd o.cutr'ed an a result of high- tempera ture
3U.UtF).1nod t1-cti.ri. A2 tihough dlnttnct 2ayers of' each coating
m:.iterilai ctri b. v'eadl.ly ovierved, pusltive presence or absene
a o[' di !i'u �a;I u• r .t 1I1es13u "e', ý',)uild not. be determined owing to the
dirf.V'.I, y In D•.,.,'pret,• Ig an d prc . y 1 ;Iden.I fying individi.-il
1C)TIIT ')c l lt.'X• s I'1't 1N t ,''
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Spec. 261, (C-MCC 50-21) after Spec. 244, (C-MCC 50-20).
60 hr screening at Th - 1200 0C, (Sintered), after I hr screening
unetched, 60ox at Th - 12000 C, and 1 hr at 13O00

in helium, unetched, 600X
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Spec. 234, C-MCC 50-18, after Spec. 251A, ("-MCC 50-10A)
150 min acreening at Tlh - 1200OC, (Sintered), af~ter 29 hr acreenink
and 1 hr heat treatment at 140000C at j-120Curecd,6X
in helium, unetched., 600X h-10*,uecd 6X

Figure 39. Microstructure of Plasmin-Sprayed MCC 50
Thertnoolements After Screening
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jFigure 40. Microstructure of a
Sprayed Segmente~d
p-type Therrnoelemeflt
Used for Sustained
P-erformance Testing
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Figure ~41. Microstructure of s
Sprayed Segrv-3nte'4
n-type Thermo-element
U~sed for Sustained
Performance Testing
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In add_,2.I..on to the production of indivIdual and segi-ented
thermoeJerfents. a large portion of the plasma and flama-spraylng
effort" was expended in support of' the repair oe the 50-watt gen-
erator and the fabrication of the improved experimental generator.
rhIv effort was used in preparing hot-pressed thermoelementc for
screening and in producing a variety of sprayed Joints and -oat-
ings required in the fabrication of both generatorF.

Hot-pressed thermoelements were prepared for testing by
flame-spray bonding copper radiators, after abrasive blastlng and
degreasing, to the graphite cold-end contactLs of each thermo-
el.ement.

In repairing the 50-watt generator, thermoelements were In-
serted into a central graphite ring which served as the hot Junctlin
for each tier of the generator. Thermoelements were Joined to
the graphite rings with flame-sprayed molybdenum to improve elec-
trical an,7 thermal conductivity at the hot Junctions. A than
molybdenum undercoating and a final alumina outer coating were
applied to the surfaces of the rings, for thermal and electrical
insulation, using plasma-spraying techniques. Graphite rings were
split Into four individual sections, for electrical circuitry, and
the sections %ere later cemented together with electrically in-
sulating (plasma-sprayed) alumina to produce integral composite
rings capable of maintaining structural rigidity, proper ring
segment spacing, and orientation during generator assemtly.
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3. SreeSL & adS Ustair.e A-romnemsn of TAei~

Screen'ing and per'forrrance t~ests wtere conducted on 350 new,
element-s and 1144 used 3/8-inch dianireter segmented elements, taken
from the advanced experimental model (50'-watt) gimerator for
rebuilding. Tests w~ere also conduct-ed on a large nu~mber of new
1/14-irch diameter, hot-pressed, mruiti-se~ment thermoelements8 for
use in this improved experimental model 1(15-watt) gen-erator. Test
services were also supplied on a continuinig basis on arc-plasma
sprayed thei-nmoelements with the results presented under that sec-
tion of this report.

A series of tests were r erformed on segmented 3/S-inch
diameter n-type thermoelements of the type used in the 50-watt ge--n-

e -o-r to invlestlcate te possible mode and temperature of Junction
"faiilures. These teSts were run wit.ih the '-hermnoelements in a hori-
zontal iow .sition to s-tmulate conditions that were encountered it,
the sustained perform-,ance test of the 50-watt generator. Six
therrnoelernents were exposed to Th temperature between 118-OC and

P ~1450 0C and to T1 temperat~ures (MOO 60-MCC 40)1 between 95;7 0 C and
Z 11.208'~C. Each e ement was held for about 1 hr. at temperatures

which rangedA from 11180C. to 145000 in incremen~ts of about 100 0C,
as shown in Table 25 .Four of th si 1lmns eotdi
Table 25 neither failed nor decreased in power output, despite
reaching Junction (Ti) temperatures as high Ps 1190 0C for short

Rperiods. Specimens TE-268 and TE-269 failed when *-heir Tite-
peratures reached 1187-11890C after- exposure of 21.5 hr. to Tj'Is
well above the maximum recofmmenced Ti itemperature of 95000O*. This
data indiclate ta3/-inch diamteter thermicelement-s can wilthstand
severe overheating condit[-ions for short ("Less than 5 hr. -) timies
without damage. This finding tended to refute Ahe possibility
that brief overheating of the generator could h-*Aave caused its fail-

ure an srongly pointed toother factors -- such as the harmrful
effect of vibrat-ion in comb-nation with excess temaperat-ures on
thermoe'ement l-ife. Vibration, w,,.ith t. he exception of 'aunching
operations, would probably not- be a factor affecting -.ne life of
static-type space power zyztems.

.naddlitional segmiented n-type thermoelement -a3u~etdt

a 112-hr. duration test In a vertical uosition. The t emper~atuir-
during thi-s test was -bout 123000 with' the MOC 060-IMCC P~k0 junct~ion

t(T 1) temperature at 9l4c0q95nOC, The danta given In Table 2%11under
the vertical test positilon heading., sho-wed R definite inc-rease
in resistance and a decrease in power output. After termainatAion

of th tes, it was found that the thermnoelement itself %.as sound
but the molybdenum coa-irAng of i~ts copper radiator had started to
peel off. Thus, loss of bond between the radiator izrnd the elementY
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nt the .:opper/molybdenum interface, caused the change in thermo-
elemient properties. The cause of separation was found to have
been th.it the w.rong size sandblasting grit was used in preparing
the copper substrate. The radiator was replaced, so that the
thermoelement could be subjected to further sustained testing in
a horizontal pojition. Initial data o' the repaired thermoelement
shows that its power output was as high as noted in the first tect,
thus confirming that the decrease in power was due to loss of elec-
trical bond between the radiator and the therrnoelement.

The thermoelement was removed frorT,- the apparatus used for
testing it in a vertical position and inst,1]led in new apparatus
that permitted its testing in a horizontal position. In making
the transition from the vertical to the horizontal test apparatus,
more thermal insulation was placed around the thermoelement than
had been used for its tests in the vertical position. As shown
by the data in the second, or horizontal test pozItion, section
of Table 2:S, a Ti of about 950'C was reached with the Th of the
theýriv. ,mernt at about 1170 0 C. The somewhat lower power output
rccorc. . for the thermoelement in the horizo~tal position can be
cred~ted to the, lower Th and smaller Th-Ti diflerence experienced
in the horizontal position tects.

Data from 320 hr. operation of the thermoelement In a hori-
zontal position show theft soon after the beginning of the horizontal
tests, the power output and the Ti termperature started to d-op
slowly with time. Attew:pto were made at first to maintain -1 con-
stant Ti by raising the Th temperature. Soon after 177 hr. opera-
tion, the rate of drop of Ti with time increased, but the power
output stayed relatively constant as Th was held relatIvely con-
stant. The rapid drop in Ti without apparent effect 0n the power
output, as the length of the test increased, indicated something
had happened to the thermocouple used to monitor the T1 temperature.
The test was halted after 320 hr. The element by this time had
been exposed to 122-hr. testing in a vertical position ard 320 hr.
in n horizontal position, or a total of W1 hr. exposure to gene.ra-
tor temperatures.

Upon examinin1-, the thermoelement and the monitoring thcrmo-
couple, it was foun( that the thermocouple was in perfect condition.
However, it was found that a small crack had developed near the
dr:]led thermocouple hole in the intermediate junction between the
MCC 40 and MCC 60 segments. This small crack, possibly initiated
during the drilling of the theinocouple hole, seemed to have slowly
widened and lengthened during the test. Since the crack Involved
only a small nrea of the intermediate Junction between the MCC 60
and MCC 110 segments, its effect on the power output was small.
The presence of even a small expanding crack between the ther-o-
couple (largely imbedded in the MCC 1I.` materi .) ind the hof ý'CC 6
segments, could provide sufficient thermal resistance to %-ccount
for the lowering of the Ti temperature experienced.

i y1



On the basis of this exp~eriment, IC an-eared- that +,-he original
decision t~o omit Inserting thermocouples alt the interm~edi-alte junc-
tion was a sound one~. Not only would the drilling of ~hŽ holes
within the junction have weakened the ther~moelements, but the tem-
peratures so obtained could have been quite misleading. This prob-
lem was eventually solved by including a sufficiently thicker
graphite intermediate disc to permit insertion of the Ti site thermo-
-.ouple in the graphite and by the surface preparation Improvements
reported in the junction-forming techniques section of this report.
The increase in disc thickness consist~ed of about 1/16 inch, from
1/32-inch thick to -3/322-inch thlick. When more graphite length
than this was used, the Increase in thermoelement electrical re-
,oist&a,.e increased prohibitively, partly as a result of excessive
infusion of therm.oelectric material into the graphite.

Severe problems were also encountered in trying to repro-
ducibly measur1e Ti temperatures in 1/4-inch diameter thermoelements.
£ne f-le knottiest problems, in addition to the harmful effect

of' radially-dri'lled Ti thermocouple holes on element breakage, was
that thermal gradients in excess of 500C/mm were encountered in ".he
Ti areas. Such st-eep gradients make the Location of reference
thermocouples In this zone quite importan an ifc ltites
of reproducing thern-toelement performance tests and ratins

The high rate of' thermeoel vilent breakage dictated against Ithe
use of radially-drilled thermocouple holes at the Tisite of l/'4-
inch diam~eter theyrmoelerimentls. For the screerinag of individual
thermtoelements, it was possible to attain reproducible test dat#-a
by using a disanpearing wire type of optical pyrometer sighted
(under near-black body conditE.ions) upon the s'urface of each element
at its Tj sice, Therm-ocoup'l.es were simultanleously used at the Th
and Tc sites. Allp- and i;-t-ype thernioelemer'ts were then screened
f'or Ti. LT, P, S and R.

Since it was not feasible to use optical- methbods for measuring
critical T1 sites in. the assembled improved experimental model1,
further attempnts wiere made t o fnrdA -a practical method for drilling
thei-r-ocouples frclm 1the T!, to the T1 sites along the center axis.
Aft-er experiencing Considerable dIrficulty in the breakage of both C
thermtoelements and drills, it was found that intermit-tent pressure t
with high-speed 015-0-2C) rpm) car I ide drills permitted --inking of
the required 0J. 036-inch diameter axial holes at the Ti sites for +
both p.- and r-type thermo.el eirents. Thermocouples wereiserted and
the Ti teffip-erature iaeasured for several 't-her mo elements by optical
and thermnocouple means-ý. Th~e resu'lt.Us of theSe tests demonstrated
usefu'l reprodt;.cibillity of the th!,erm~ocoiaple readings. While this
approach redliced the 1-csss-secttional area and increased resistance
of each~ d'lled heinwoe'-eient, It offered a workable and timely
ingofuo to th Problem- of mteasur__ng T1i for screening and monitor-

,,g oete their.oel½enenus.



Thu difficui es "nhtiant ".Ek U '., : --
tO the requi red depth and .1mplan,. n: trh .-':, 0. . -

* prec ison to insure that the T: 2•,' T1 1d 1w
resulted in discard of the system. In ,he [rc no;'trýoi at" >: -a Ion,
only the bead of the the'mo,.oup i.e was n.em-Untud irin.o n 0i.! .
shallow, radially-drilled hoLe In the phburned, t~•, •Diit disc.

After screening more thi-.n 3:X; not-prc...ed, . .....
thermoelenwents, it was found necesary to vvbuild the t*,tr
apparatus before evaluating additiona: imat;erilal and junzwtl. ona.
It was decided to further rodify the apparatus whi[.e ;'clu!ildln
in order to permit achievement of more Iuo:roduc A le !Peasu'erice.to
than had been available. It was also ,on_.dered desiralcle to add
the potential for deteýrmining thermoeleirenL eQffclency, oinre
this property could be obtained only in appararus conSt-',,'ted for
that specific purpose. This screening apparatu1 design i:o'r1aed

extensively from the successful potted furnacee d'2ve.opeu for in-
duction-unit hot-pressing. This can be seen in Figure 42,
which shows the cast ceramic exterior hn the test :1tand ana f*hC
thermoelements protruding fonom radially 1o-,atvd holes. A d* a.!.Ied
drawing of the internal configuration of the- apparatus Is pa-e-
cented in Figure 143. While the decAgn shows posl.irIons for l'our
thermoelements, only two of the elements would be In test. Tne
remaining two pasitions are intended for comparisoi-type standard
thermoelenients which would be left in piace throughout a selv;e.)
of tests to insure that conditions do, Indved, remaln -onstur't.
This should contribute substantially to the conaictoney o2 the
screening measurements. The apparatuc thus peroit; testing of'
S two n-type elements, two p-type elements, or one p- tirtd one
n-type element in the p-n couple -on'4 guat, reprcocntatývc
of generator condItiona. The deep holeu and u'tr: ;d 'ond'.!tLons
permit better measurements of heal. througThpLt"t W.•!t. ve:,:il 'an.
better efficiency estimates as dc,.:tb- d in cm ,::,fr :t,!•ort
(TDR No. ASD-TDR-62-8396, Pt. I1, P.ol• 80, o(toLcr, iC)63). !n"tia
testing of the electrie(a charaalt, 3r0Vti e0, oe severaI therm.oe e.teIi Lo
proved the feasibility of the apparatus,, but diVV:icu.Laes w.eýre
encountered on these "shakedown run-&" due to excssiv, oua.•n-
of the cast ceramic thermal insulation In high vacuum. The .nsula-
tion otherwise appeared to be a sound solut.on of the proleK'm of
minimizing extraneous heat I osues. High-te-mperat.ure p,.-itIrng of
the ceramic diminished the out~as"1ng, but any duration of _,xjosu.-'
to atmosphere reIntroduced a pump-down problem on the .uck•:cedlnr,
run. No adequate volution wa;s see for this probl.em, zo a more
complicated mult.1-layer nietal foil Insulatl n wai ft),ricated. ThIr
insulation was found to approach the ertaml, In thermal pi-o.ertle'sand eliminated the problem of outg~a--•ing3.k,. , A lo -f t n,, taper'ed

Joint was tried in place of the th.-crided graphite hot cont.act

i2
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Figure 42. M'odifi'ed Apparat~us fLror Clomparative "SCreenJIMng
of~ Hot-Pressed qThermoelements
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used on thermoelements. The tapered Joint functioned equelly
well and offers an increase in ease and speed in loading where
the final desired thermoelement configuration permits use of this
shape. Refinements in the resistance heater, voltage leads and
thermocouple placement were also clh:n' > th!½n f.p J"':A
design.

The sustained performance test on a hot-nressed p-n couple
of 3/S inch diameter segmented thermoeleinents reachee 1012 hr.
At the end of 1012 hr. sustained testing at a Th of l1e4-1l98*C.
the couple was subJectee to 275 thermal cycles in whir.n peak
cooling rates of 2110-2500 C/min. wcra reached each cy,.,le. The
power output (column "Pt", as shown in Table 27 ) varied only
slightly throughout the test. A comparision or the performance
of this 1964 state-of-the-art p-n couple I- prsnited beki::

Performance of 3/8-Inch Diameter
Hot-Pressed p-n Couples,

Representative of:

1963 State-of- 1964 State-of-
Operating Conditions the-Art the-Art

Vacuum, torr x 10-5 0.1 0.1
Hot Junction, Th, 0C 1200 1198
Average intermediate Junction 904 937

Ti, °C
Average cold Junction, Tc, 532 550
Average AT, °C 668 648
Open circuit voltage, my 282 290
Couple resistance, ohnis .047 .042
Current amps 3.23 3.96
Matihed load output adjusted 0.422 0.495

to same AT, watts(e)

The above data indicates that an improvement of about 17%
has been achieved for p-n couples made from 3/8-inch diameter
segmented thermioelements during the 1963-64 period.

In summary, at least one screening or performance test was
conducted on 350 new 3/8-inch diameter, 144 used 3/8-inch diameter,
and 351 new 1/4-inch diameter thermoelements for a total of over
845 element tests under this contract. This total included generato
construction thermoelements as well as elements for evaluation, unde.
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the junct Lon-forming techniques and fundamerta:l investigat ion
phases of tne project. Some elements served both purposes iL-
order t- ~ '_,t~• tte: efficiency in expendu-.ure of effort,
Test services were aiso provided on the are-plasma sprayed therm.o-
elements produced under that phase of this. contract.

A series of tests was provided to assist in de-ermining the
causative factors for failure of the MCC 40-graphite intermediate
junctions in the initial advanced experimental model thermoelectric
generator. These tests contributed to the dlagnosis and solution
of the problem.

A substantial effort was provided to effect solution of the
problem of measuring intermediate Junction temperatures in the
smaller, fragile, 1/4- inch diameter,mul±i-segmented thermoelements,
and contributed to the constructIon and safe operation of the
improved experimental model thermoelectric generator.

After completion of gererator screening tests, the testing
apparatus was rebuilt with the additional aim of attaining .lea-
suremepts with better rePrc,,ucibility and accuracy. The equip-
ment was so designed as to include a potential for measuring effi-
ciency and thermal conductivity which were not possible previously.

r.xtensive problems with outgassing of the desired cast ceramic
insulation in vacuum resulted in final substitution of multi-layered

metal foil insulation in the same physical shape. The resultant
appEratus minimized extraneous heat losses and achieved more re-
liable energy balances capable of permitting meaningful efficiency
and thermal conductivity measurements.

-A hot-pressed thermoelectric couple was successfuily subjected
to duration tests of 1012 hr. and 272 1-hexmal c;\cles. A comparison
between these test results and the 1963 state of the art was made.

An arc-plasma sprayed thermoelectric couple wp- successfully
subjected to duration tests of 1030 hr. and 294 thermal cycles.

The results of these tests are present-ed under Section III D, 2
of thIs report,



4. Fundamental Investigation

The aim of this investigation was to more fully establish the
operating mechanisms involved in MCC 40, 50 and 60 thermoelectric
materials. This included establishment of the Effect of nonsoluble
dispersed materials on electrical and thermal conductivity, strength,
Seebeck coefficient, sublimation and bolid-state diffusion.

As one facet of the Monsanto approach, noncol. '.e J
phases are used to control the flow of electrons and phonons in a
matrix of selected thermoelectric materials. Properly sized and
spaced particles cause appropriate strain in the crystal lattice
of the matrix material. Such strain can be intensified on heating
if the dispersant expands more than the matrix. The major result
of this strain is an impedance of phonon flow which lowers the

IT• thermal conductivity. in our experience, electrical conductivity
and Seebeck coefficient are generally not appreciably affected.
The presence of the dispersant also tends to improve the strength
of the thermoelectric material through impedance of grain growth.
Additionally, sublimation effects and iolid-state diffusion damage
are inhibited.

Efforts to improve thermoelectric materials have been based
on an increase in the thermoelectric figure of merit, Z, which is
related to the major thermoelectric parameters:

Z . S2

where S - the Seebeck coefficient
-' the electrical resistivity
- the thermal conductivity

In Monsanto CompAny's eitpersed-phase approach, an improvement
in Z is obtained by decreasing the thermai conductivity with only
slight changes in the Seebeck and electrical resistivity through
the use of doping and dispersed insoluble particles.

Thermal conductivity in a solid occurs when energy is trans-
ferred by phonons, free electrons, holes, electron-hole pairs,
excitons and photons. It ls decreased when these energy carriers
are scattered. Phonons are most affected by the dispersed particles
with some photon scattering also occurring from the boundaries of
fin! grained phases caused by the dispersed particles.

Consideration of mechanisms responsible for phonon scattering
indicates the importance of the dispersed phase particle to the
thermal conductivity or maLeriala. By deflnition:



k = 1/3 Cv

where C = specific heat
v = phonon velocity

- phonen mean free path in which 1/1#*=
1 + 1/02 +. . .wherej 1 , 0,,, are

the phonon mt~an free paths for
various scattering mechanisms.

Therefore, for a decrease in k, small mean free paths are
desired.

Since phonons are scattered by various mechanisms, such as,
other phonons, static imperfections, isotopes, alloys, dislocations,
grain boundaries and electrons, the effect of each of these mech-
anisms on the mean free path of phonons was briefly considered
below.* Phonon-phonon scattering in a single phase material is of
great importance at high temperatures. The phonon mean free path
from this mechanism can be approximated by the following relation:

/Pw 7a (Tm/T)

where a = the interatomic disttance,
T = the melting point OK

=he temperature, 4K.

On the basis of this equation, mean free paths of 0.2g
between phonon-phonon interactions would be expected for MCC 50,
MCC 60 and MCC 40 materials.

Static imperfections are effective as a phonon scattering
mechanism, and are probably the most effective from the dispersed-
phase approach. An approximate relation for dilute dispersions
follows:

W~a/':-(1 - A,/A) X1

where a = interatomic~distance of the matrix
materials, A

A,= the a.omic weight of the impurity, 'n.s.
A = the atomic w.eight of the lattice
XI_ the fraction of impurity.

1Wnii study is largely I)ased on ideas lidvanced Uy R. W. Keyes and
Z. E. Bauerle, Thermoclectricit'.': -ýcicnoc Dnd Thir1•rI ntcr'

i oilsn--, yil---F77. -,d -. Dew-Hughes (a technical
Aotc,) in Acta Metallurgica, Vol. S l. lth,, pp. T'I,_,-17.
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Becase attcc :n~rf~tI~s a~ ;onon scattering resulting d
vmrr isotope vcattý-ering tend to q'e uickly removed (annea-led at

high tempera~tures, this mz-de of scattering was not considered for P
this study. Addit-ionally., alloy (solid-solutiorn) scat~tering as a
phon-on-scattering mcch~anlsm Nas not cornsidered in th-is study., since

it~ ~ ascnie, for the present, to learning more about the effect
on phonon scat-&e.-Ing of insoluble diý3persanrs.

Dislocation scattering is affected by dispersed phases. An
equation for the phonon mean free Dath from dislocations is:

where a = c ( ta 1)
N = the number of dislocations
b = Burger'a vector., cm P

The number of disl~catl-ons, eve~n In~ highly stressed m~aterials S+
whee s an a l 12 cI may be produced, is9 not sufficient to W

do much scattering. However,, this n~m-ca can be increased by us-ing WI
dispoersants with -large differences in thermial expansion coefficients OC
between the diazersant and the Parent lamtices, according to tne
folIlowing relatic-,n: P

~" 3b m

where E -the difference ' in t-he volume therTIFi-al
expansion coefllicients, n

d t-he dispersed phase naartlclr dianeter, cm. B

up
Boundary scattering also will be enhanced by dispersed ph-ases 1 "

since t~hey produce fine-grained materials. The mean free paith of e
the phonon is related to grain size as followrs: SP

t e

iter D the average g-rain di amet-er, cm. dLW

As alent-ioned before, phonons are also acattered by grain a
boundaries, so attainm-.ent ofi' fine-grain siZe in high -t-emperature ae,
thertroelectr~c m~ateri:ý1s is doubly important. e

?honori scattering by electi-)ns is us'ually small for thermo- pi'
electric materials so it was neglected for the materials and th~rrnal
conditions of this stu.-dy.

-~ J; b



Orn the: -3js s c, -e ztb ove 2o_,Is,,. eai, %71o 1 -, , S attl'c-. imefc t-ions,
disocaiorc ~c ~a~' ~nar~s --:d.oi as th~e major phonon

scat-terin- ea2i~ m t, ce affe-czed by Mon'Isan-to C"ompan;--s ds
persecd-phase apprc',.hý'. ieP-neral coniclusions -a re:

a. Ine dtsoe•-_ýan-ts shou".ld n-avc~ge atomic -,;eI,4htS
andc al 1 £ferf volu-,me th,_ermal expa~nsilon coeI ffic ie rnt;s
"thýan the :na-ýrlx or throior~ mat-eriai

b. Lispersants so.~ai nYA t~i ri rwh

More cIlose>~ spaced,' (Cnl ~fors dflspersions of" more i~n-
sojiftle 'ar-ticles were s.ou.S-it. as 1 rmeans of futhrimprovinz 114C"C
therrnoelec'.ric Tma-,erials, bI.ut, experiric.,t ai ver_-Ificatlon telchnlc1,ues
are noL ye:t su~f*fojien-_j-y refi-ned; -o miakre a iiriIoevalua'tion
possible.

Conrsirderable effor'z was'- dlre~cted cJ ~ detemrmininll-ý the micro-
struicture of M-O/C-based throlcrcmatiuýrials. ?nase effo.rts
were initialliy impeded bCy a sericus tende.-ic-v of t-ie speci~men tlo
crack-drn preparation. Fýor eaie !-an, 1in,, specinen's to bte
ojollshed for microstructuAre evaluat Io-~eeru:ed nab lt
plast-ic and cured under 37502' psi pressure at lirO- Ths techLni ue

apaeAy exerted substantial te-nsfle for7ces o n the -era-m-c -like
tliermoeie-tric specimen,, resulting ini -ra,,.k format-Ion~ When this
mechianism was discerned, AISTRC-ýýT,' cold-m~ounr resin wa-s substI'-
tuted for the bakelite plastic and. the rolms-uccessfully

circumvented. Fiur 4 uses rnacrophotoc-rap--s of a typical. t4cC 40
n-tyPe sroecim-eln at '.Xto illustr-ate heprobClem and Solution.
Bot-h specimens were cutý from týhe sam~e teolccrcsemnent. an-d
zl'oceocjed inl a Similar ma-ner except for mountingo tech.niqaue. Th %e
upper Ehozo is t[.hat of the baeiemutdSpecime~n and t-he
lo-wer r,,ohoto is of t-he Icold-mo-un'ed" si-1tli--7. TAhe crack'nhg pher-ornr-
en-on sepn Irn the -,u'pper photo is o~±e>:eli,,nlnted in t,-he
specimnen- Tpresent('ed irn tne ±ower photo.

vb-e:I t-his problem. was s-lved, iLt w.ais ,v-sar o dev-alop
tehiusfor polizhinriý T0.\MCC-ased sprecimcons inr a mannler that

would i~ernit' vievwiný- aný_d ieasurlinE -f hesi-e -,rd s-oacing: of thne
dispersed valr-ticles ued to c-ont-rcl -Iaacels s "h.I S att-_M p t
was necessary ini order- -,, zýairz a bett-er u:desadigof the me_:
anis~nS involve:d and-, thius, yieid ;rroem c.- ataer-4aJ~s throu,--
better co-trols. ThPris vrc,-ed to be a ifiu as-k, in !itself,
since the polisbnin. of such h-a~rd, 1--i -- ma:1terIals 'produced. surrLace._
pitting- which effect'ively_ -ask--)' ev~in o hesz and spac-
i n o of ithie d i s pe r ~d r oar t Ic e. Te larg-yer -- I t-size atrasives

(> C microns) necessoar": to level th'reIin ror tofinal pol-
i sh11inEr i nv aria b I cas-a s e 7: p _zi~:n fe t . ý3 e e re th o ds of
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Mounted in bakelite plastic

Mounted in Astro-met cold
mount resin

Figure J44. n-Type MOO 40 Specimen Mounted in Different
Resins, Unetched, 8.5X fi
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piveparing specimens of tne MCC-bCased ther~uelerricl materials- fýor
mlicrosftructural examinatCion we'e' evolved. >c Ces s fulT r e pa ra io n

of CC 0,MCC cOD and p- and n-tye+C4 pcmn a ial
achieved in t1he foi1owinr-', manner:

a. If necessary, t-he thermoelement. was sectI.ionEA w: t a
diamond Cut-off saw.

b. The sectioned piece was t nmount-Ied in cold-mo-unt
resin, and levelled by surL"-hee grrinding- witn a diamondi
abrasive wheel. Extreme care 7:as taken durinE- the
griniding operation t11o ob'-ain the best possiole su-rface.

. T~he specimen waas smoothenJ' on a KG-g--Drit silicon
carbide belt sander until1 ro fur-ther- improv.,ement
resulted.

d. T-he final stCep for each*- off the 1T7C"C th'-ermoelectric
materials was a prelIminar-7 uollsh on a lpi dIamon~d
abrasive lap. Th-is operation was conti-nized unt'-il no
further chang-e in t5he Surface v-as obtained, The spLecimen
was then ready for initial evaluation Under an optical
microscope.

e. Final polishing on M4CC 50O a-nnd LIN 15'- materials was
accomplished on a cloth. lap w.ith 0'.53 diamond abrasive
and 0.3a alumrina abrasive, respect-Ively. Etchin--. w-here
desired, was done elect-rolyýtically wiha 1Y)<" aqueous
HC1 solution.

f. Final polishing on p- or n-tL-ype PiiCC 40 materialswa
best. accomiplished on 'the D3j.5 diamond abcrasive lap.
Etching- was accomplished at room tempera-t-ure w.ith the
following solut-ion:

10ml. -HNO'0-
5ml. H1F1

Microscopic observations made on Specimens prepared bythe
above procedures provided evidence to sh:.ow, zthat .the exlstlr-
microstruc-,ures ,.ere far from th.des-1red -oal o-f close]-- spa,-ed.
uniform dispersions. A photoaici-ro.-:r-aph of an. sC 52 ec izen,
"poreserted -In .74.-ure 4,clearl, s!-.o-ws th.e calcium oxide- di-spersed
chase. Th'ýis sample w,.as u,-.ezýchec an~d phiozo-.aphed at ~ ~z:

ficaton. h smaller, -ore d>mros ark pa-rtIcles In týhis
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Figure 45 . Microphotograph of
MCC 50 Showing Dis-
persed Phase, as
Polished, 500X
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P",I Ter-e identified as cal1.-iurn oxide. They appe'ar to be
appi mately m-2icirons In rdiamet-er and fairly well dispersed.
Th e -ger black areas in thi's figure appearA. to be either voids
reeuiuing from earlier polishr~ing procedures or porosity present
In the "las produced" MICC 50O segment. The occ~asional whlte
particles that can, be observed are believed to b-e reaction pro-
du-:1t-s, possibly Caused by a partial solubllitY of tVhe calcium
oxcide with cons 1C41tuer 1Cs of the matrix mat"erial. Other sar..ples
of MCC 50 that were examined showe~d dispersants of ridely varying
size and spacing, alt-hoigh all appeared quite fine-grained when
viewed with polarLized ltgaht. Both p.- and n-type M4CC 4CC exhibited
small dispersed part[1Icles; however, the dIspers.1on distribution
was poor in all cases. No dispersions were detectable in P4CC 60
specimens up to the optical microscope limit of' 1"IDOX. Th e
electron maicroscope w-7as pressed into service for' an exa~minatlior±
at_ 20,OOOX anrd a fewv part-Icles were observed havinig diameters
less than 0.5:~.1

Microscopic observations made on specimens prepared by the
above procedures provided evidence to sh.ow th~at present micro-
stru~ctures were far from our desired goal of closely- spaced, uni-
formn dispersions. The hot-pressed iVIC O 50 ma'terial showed disper-
sants of widely vý.ryir..g size and spacings. Some similar flame-
sprayed samples exhibited larger auant-ities of dispersed phases
and a substantial degrree of" material orientation due to- spraying.
All samples when viewed with polarized light were fine-grained.
Botl'h p- and n-t.-ype MCC 40O exhibited small dispersed particles
that were poorly distributed. No dispersants were detected in
the MCC 60 specimens with the optical microscope up to 1700X.
Viewing specimens of P4CC 6:0 to 20,00-OX under the electron micro-
scope sho~wed that the number of dispersed part-.icles were few and
generally less than 0.5;u.

S-pecimens of '-he Ml\.CC- 6'0., M4CC 50, p- and n-type M4CC ~40, pre-
pared as ind~lcated above~ e~ each examined eithlk electron micro-.
scope to 20sOOOX. JRep'licas of th-.-e final polished surfaces were
obtained !.n t~he fol 10 wingr mannrer:

a. A piec of cellulose aceta'te tape was :softened wt
ac~et 'ne and Pressed firm~ly on tý-he spec' imen surface
with a r,.bber applicator.

b. Af ter the tape r.a; Jiry, it. was stripped from the
specimen surface wi~ pilaNed in, an evaporator where
it- ,.as coated w_!th-. a 100A laver of carbon and
sriadowed at1 !4530- w~th ch;or-~.ni.uz

D11



Small squares were then cut from the coated tape
and placed, carbon side down, on 400-mesh copper
grids in an acetone wash dish. After the cellulose
acetate was dlssolved,the replica was ready for
examination with the electron microscope.

An electron micrograph (5500X) of a typical hot-pressed
MCC 50 specimen is presented in Figure 1,6. It shows particles of
a large range of sizes (0.1 to 24L)*fairly well dispersed.
The spacing between particles ranged from <0.l4 to about li, or
reasonably close to the <0.24 Interpartiele spacing desired for
high-quality ,high-temperature thermoelectric material.

As shown in Figure 47 at 9000X, the number of particles per
unit volume of a hot-pressed p-type MCC 40 ,pecimen was appreciably
Less than that for the MCC 50 material. The average particle stze
determined by examining the total specimen area was about 0.5i±,
with spacing of 1-lOu between particles.

The n-type MCC 40, as shown in Figure 48, also exhibited widely
scattered particles. Average particle size was Judged Lo be about
0.2p., with interparticle spacing of" 0.24 to 61. This specimen
exhibited large areas containing phases that could not be ,den-
tified.

It wes c'oncluded that both p- and n-type MCC 40 specimers
indicate a need for reduction in size and spacing of dispersants.

Figure 49 shows a typical electron micrograph of hot-pressed
MCC 60 at 900oX. The microstructure of this material exhibited
at. least three different phases rangtng in size from about 0.3=l
to 304. These phases appeared to occupy 50-70% of the volu7.e of
the MCC 60 material. The extremely complicated structure -.akes
identification and interpretation of the importance of these
phases tc the thermoelectric properties of MCC 60 a subject for
future major efforts.

The metallographic examination,in general, uses the optical
metallograph, the electron microscope and the microhardness tester.
and is one of the most important diagnostic tools available for
improving the Monsanto dispersed-phase thermoelectric materials.
The presence of the desired small, relatively insoluble, well-
dispersed particles must be observed in the microstructure of a
thermoelement before an attempt can be made to correlate the
structure with measured thermoelectric properties. The obse:-vd
correlations then furnish the best available guide to permit
attainment of the best structure and resultant best properties.

1i5,
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Figure A6. Electron Micrograph of MCC 50
Showing Dispersed Particles,
Unetched, 5500X
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Figure 47. Electron: M'icrograph of p-
type MCC 40 Showing Dis-
persed Parlticles. Uinetched,
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Figure 48. Elect-on Micrograph of n-
type CC 40 Showing Dis-
persed Particles, Un-
etched, 13,3SOOX
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Figure 49. Electron Micrograph of
MCC 60 Showing Dis-
persed Particles, Un-
etched, 9000X



Several1. derivntlrm J -ri I riov.-.d duiirng c~~~
development appeared to livu -nr:a~ ignificance i. a~r
to problems thnt; o-rcurxwde li, -%~ode-gn.w~o coilstruction 3nd

opertion Ac'r~gly , efo't w e: ex n d ed to fo'2aw these "~nes

of Iriquivý and effe-t ~

The mir r~ueof ho.-:~~JMCC 4f- dl(- not aoppeir t o
be that expe,,ted +or' a 'ods~ton i.oy. 1!mýicgenl zzat'on
treatments were ý-temptved by ieotlng opc*m~~ to i1Xi' n r
Inert atmosphere furnace for ioCýj hours. A.. thoupgh .1~hornog-

Seriizatlcn wao oi.~evved, there did 1'p[pe r to be zsore gvari&rn:
and diacnolut ion olf a seco-ndar-y phase . Tht: m-oot Itevest.1ni-
change, however, was the appearance 01f a- onall amr))nt of a
prev-Iously, unobserved mal.erlal at one Jurict!Lcn o" MCC 4"IP wit"h1
graphite. This in~itet-lal wa.% Fr n oor and cz,'a.te. t
the white VCC1 4011 and dark grraphlt.e, av 3hown ,n Figiu'e T!. Th S
micrograph also shows wh-Ite sphexroldal partlcles -f W' 42 and1
black voids in the grey material. Carefuj' ol~i~snso
revealed n few dorker grey partlc-j,-: ov unknown riin
rnicrohardness survey of tye: uitidentified mawterlilI phase Ind~.1cted
that It wrts lIgi ofter th"-n MCC NO.

A microgr'aph of' a sim.ilarly exposed MCC 40N fpecimten, ahown
in Figure 51, required a more dif'ficult annlyois, but Ehowed what,
appeared to be rather extensive amouritz, of' the nowly Observed
material. The apporently scattered diAstributiot- (compared with
MCC 40?) and masacirg by th,! white MCC 40N, the dark-grey gr3phite.
and the light-grey MCC 60 made positilve Identiflcatltor more
difficult.

Since some of the r.t&¶mented thermoclements irncorpo:'ated inl
the original vers"iocn oa:' t"-.i- adv.-riced experim~ental2 model thet:mo-
electric generatov had faiiled at the MCC 40 granhite Inter-faze
due to incipient mvlting, the observed materila was postu~ated as
being the cal~ise of these failures. An attempt to Iinduce ;uý:h
failure was,, made by hca~.ing segmented thermoelements to n uniform"
1000 00 In a vn(cuum t'urnnace for 2~4 houvs. Nodes of the oosC:'ved
material. sim.A br to thocse of Vi 1:0'C, we.e 1'orm~ed at he Int~er-
faces.

An extensive tcxzm~n-0tbc2 of'c tn pimno'th.:-
elemonts chat had Leen hteld ~tt r eyh~~tmt:. ue
(90u-1100 'C) duvIrWg screenl.r~g 01 ondura-nee te*Ls revea led m~any
more examples of the ntirIth'tt W10 110t, L)OellnCfL-'(t'd .!n prevlouv

* exarninn t ions . Thi's voxaflU nton Lnlad cate.d thzi t- tht- -wi~terlzi I .seli'
was compooed of' at, _,e:it t. thvee oll:L '.rt. pha'ses, buý Ohil! ,uld
not be definitively tb2h .

Although a posi U ye dif ~ at!o 1 the 01'sOervvt- 171to.181

could not be made, i. cal',it UU r),v otv'i '~' hej t. 10- ton 1
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Figure 50. Photomicrograph of MCC
4 0p Structure Showing
Newly Observed Material
(see descriptive text),
Unetched, 50X
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Figure 51. Photomicrograph of MCC
40n Struct ure Showing
Newly )bserved Material
(see descriptIve text),.
Unetched. 200X
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between graphite and MCC 40 thermceiect:-i' mate.i'.- was .,.. atd
from the observations. If a progress.ve rea.t 'wee: a m:jc:
component of MCC 40 and graphite Ye.:ived ahi .... nent ' 2
local area of the material, then* the deficc.entr te:'iai r.maiflg
(the unknown material observed) .ould be expe'-ted to htrve "ow:'
melting point. This reaction could then proceed ac-ross the bonded
zone until mechanical separation and catastrophic fa-•urc: of "he
thermoelement occurred.

A few standard comparison materials were prepared in order to
expedite identification of unknown materials by microscopic and
microhardness c:omparative techniques. This technioue, while very
useful and prrmising, could not be carried to completi.on within
this contract period because there was not sufficient time or fund-
ing to permit analyses of the considerable number of u:ndentifled
constituents appearing in MCC-type thermoelectric material,. The
unidentified phase remains so defined.

An effort was made to examine three p-type and ti:ree n-tyk,.e
3/8-inch diameter segmented thermoelerments on which an evaLuation
of electrical resistance prof.les had been made and which exh- ited
Irregularities in electrical contact resl3tanees. Theae 3peclm.:ns
were sectioned longitudinally in order to scan stru.tures along
the element axis. Figure 52, shows a MCC 40 graphite junction wh'Ch
was found to have a much lower electrical resistance than tre sim-
ilar junction represented in Figure 53. Both photomicrog,-aphs show
r'epresentative views of the MCC 40-graphite cold junctlon,with the
white MCC 40 and dark graphite materials easily recognizable. A
correlation appears to exist between the greater penetration of
MCC 40 Into the g,.rph~te during fabricatlon and the higher elec-
trical zresistamce measured on the junction illustrated in Flgu:'
53. Examinat:on Vd' the MCC 40-graphlte inLer'medlate Junction (.t
the Ti site) z'eveled "i siilar 31tua•'on. In all cases, the ,!un
tion having the greatrest MCC 40 penetr:it.,on into the gr'tphlte a-c0
had the higher' measured electrical resistance. The olteratIon •"
the penetrat•v MCc 40 _ltvu,-ture in the graphIte of the n-Lype
specimens wiau also of Interest. Figure 54 shows a higher c:'ag-
nificatlon of the white .CC 110 m•tverial In the blak graphite

matrix. The grey inater',hal in this photo appears to be a reactioli
product between the MCC 40 nmater1l.l and elther the graph-te mtrIx
or MCC bU mat.erl. penetrating from the other (hotter) slde o0'
the graphite 1ntmedI.,te d.se. Slncc the re,-ctlon appeairs. !o to
more ,comr',Ct et''c the rýý C 00 Invrlt hi approached, this could lt,
construe,] e ' up:.ot 'he 18t! -t,, hypetheols, but a temperature-
dependen rit. I,,t :n wt,'i.a t I . owa rdo the hott.er end of the t ':'',-
element dur .'.1zir c.'IC:'. m 'ouId be 2Soumed to have equal vald., -"'.
A defirl nlJtVw, rc:w iLur 'aw.1"d"'O '' whe ther. tht' rf
jut. io o.' lr'rd 'V dux'1 :t a tem-
pera t.ur'c ci' du: m e;nIo ' !i t < t wh z t c~'f i t Itl-



Figure 52. MCC kQ-Graphite Junc-
tion, Unetched, 50X



Figure 54. MCC 40-Graphite
JUnction with
Graphite Inter-
ruedlate !Petwecri
,.cc 40 and 14CC LO,
!netched, OX



gradient was in existence.

The MCC 60-graphite Junctions also showed observable relations
between structure and measured properties. Figure 55 shows a
sharp transition between the white MCC bO and the grey graphite
matrix. This specimen exhibited a high electrical resistance.
Figure 56 shows a simllar Junction, but with a broader, gradual
transition zone and a lower electrical resistance. The broader
transition zone appears to indicate a better metallurgical bond
betweea the thermoelectric material and its Junction in this case.
While the photomicrographs are of the Junction between the MCC 60
segment and the intermediate graphite disc, examination of the
element hot Junctions showed a similar relation between the same
microstructure and electrical resistance. A cursory examination
of the Junctions between MCC 50 and graphite revealed no appre-
ciable variance In structures or electrical resistance.

One of the advantages realized from Monsanto Company's dis-
persed-Phase thermoelectric approach is the stabilization of

Sgrain size-in materials exposed to high temperatures for long
periods of time. Availability of specimens which had been operated
in duration testing at high temperatures fo- periods in excess
of 1000 hours offered an excellent opportunity to validate this
on a microstructure basis by direct comparison with "as pressed"
specimens. Figure 57 prenentu photos of the microstructures
representative of p- and n-type MCC 40 specimens, before 3nd
after l000-hrs. exposure in a vacuum under a 950*C-500 0 C tem-
perature differential. The structures shown in this figure were
representative of those for the entire volume of each spec'men,
showing that the dispersed-phase approach prevents grain growth
for at least 1000 hours at temperatures to 950 0 C.

In summary, an extensive survey of mecbanisms potentially
assignable to Monsanto's dispersed-phase MCC-type thermoelectric
materials was made and the results analyzed. Efforts were
simultaneously expended to provide mierostructure examination
techniques for correlation of mechanisms, measured properties and
material microstructure. These techniques involved development
of special mounting procedures as well ris surface prepration
and etbching techniques. Some correlation was achleved between
microstructur-f] phenomena observed and measured thermoelect'ric
properties. An initial andlysis of the relatLionship bctween
theoreti1cil potential and state-of-the-airt achievements IndXcated
substantial room for improvement of MCC-based materials In_ all
areas. The mechainism responsible for fillure of thermoelements
Jn the advanced experlmental model (5O-watt) thermoeleet'Ilc gen-
erator was identified during developizwent of technIques to o0, e-ve
microstructure, aWd a basis laid to prtjvent occurrence in t.0. ,
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future. An appreclable amount of progress was rýai® n In
direction of explaining fundamental mechanisms responsitle
for the thermoelectric behavior of MCC-based mnterials. Th•
primary significance of this progress is that it troadened -
base of our knowledge of high-temperature thermoe.e- tr:.'
phenomena.



E. PRELIMINARY INVESTIGATION OF SYSTEMS CONCEPTS

This section presents the results of a preliminary investi-
gation of several high-temperature thermoelectric space power
system concepts and considers nuclear, radioisotope, and solar-
concentrating types of heat sources for thermoelectric generators
that would utilize the properties of Monsanto Company high-tem-
perature thermoelectric materials and components anticipated for
1964-1965. It also presents the projected performance of advanced
high-temperature thermoelectric zaterials and components antic-
Ipated during 1971-1985.

Three types of nuclear reactor heat sources were considered
for the thernoelectric space power system concepts investigated.
The code name and descriptive tIt"le for each system studied are
presented below:

I. HORSE (High Temperature Out-cf-Pile Reactor-Powered
System for Generation of-ErlectricityT

2. TIGER (Thermoelectric In-Pile Generator of Electricity
Utilizing a Reactor Heat Sourcj)

3. SWIFT (System for Power Generation with In-Pile Fluid
Thermoelectric Elements)

Additionally, eight radioisotopes were also considered as
)otential heat sources for thermoelectric space-ý,ype power units,
4qith particular attention devoted to Cm - Cm and Sr90. The

)erformances of these three isotopes as heat sources are represen-
;ative of those for the eight isotopes considered in this investi-
ration. A thermoelectric space power system with a solar-concen-
;rating type of heat source was also briefly considered.

In arriving at optimized performance figures fox' each of the
;ystems in restigated, separate FORTRAN optimization programs were
)repared on an Air Force IBM 70 9 4 computer. All computer programs
iere based on c•-lindr-ally shaped thermoelectric generators.

-enerators of sDherical and flat configurations were judged to
ýe too expensive and too difficult for present fabrication pro-
esses.

For purposas of this preliminary investigation the following
hermoelectric and structu-i'l materala properties, considered
tainable during 1964-1965, were used as input to the computer
rograms for each of the systems investIgated, wi-th the exception
If the solar-concentrating thermoelectr 1 C systeri. For the solar-
eated system, a the-moele••..ric generator of- 1-5 watt(e)/lb output
as used to ca!culat4e system pe-rf-,o.mance.
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j

1964-1965 Material Characteristics*

Application Average Average AverageTemperatures, Density, Seebeck, p, k,Tep atm kwtt/m°
Material °C_______cc Lix/0 C ohm-cm wattgcm0C •

MCC 50 700-1200 2.34 +,85 0.0045 0.0223 W
SMCC 40 (o) 300-900 3.76 +2 40 0.0042 0.0336
SMCC 60 900-1200 2.97 -125 0.0044 0.0430

MCC 40 (n) 300-950 3.99 -312 0.0046 0.0300 a
C,Graphite 500-1200 2.25 - 0.1135 1.0

Radiator,
!,opper 500-700 8.9 - 0.0000 3.8

I -sulatioa,
thermal 500-1200 i.0 - - O.00064

01

Estimates of the average contact resistance per unit area of
the thermoelements, used for the thermoelectric generator opti-
mization studies,were selected on the basis of measurements made
on representative hot-pressed 3/8-_'_!K.h and 1/2-inch diametersegmented p- anc n-type thermoelements. The resultant values were
0.0073 and 0.0131 ohms/cm2 for p-- and n-type thermoelements,
respectively.

For purposes of projecting the performance of thermoelectric
generators to the 1971-85 period, the following thermoelectric and
structural material prcoperties were used. H and M were used to dl
,Signify improved h and medium temperature materials. ef

imprved medum mterils.ne
Predicted 1971-1985 Material Charac~teristics

in
Application Average Average Average Fo

Temperatures, Density, Seebeck, p, k,
Material °C _/cc 4v/°C o hm-cm watt/cni0 C

14CC H-p 700-1400 2.3 260 .0027 .022
14CC M-p 300-1050 3.7 340 .0025 .0_0 itMCC M-n 900-1400 2.0 210 .0026 .037 Th
MCC M-n 300-1050 4.0 350 .0027 .030wh

ca.
W*hile advances will be made in techniques for reducing the of

resistance at Junctions between contacts and thermoelectric mate-
rials, the 3964-65 values of contact resistance were used for the 5

S1971-1985 performance predictions. If improved thermoelements M t:
with lower contact resistances are produced, the performance of
future thermoelectric systems wi4l be benefited accordingly.

*August 1964 material characteritc These values supplant those.
used in the Third Quarterly Report, June 1964.
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1 Nuclear Out-of-Pile and In-Pile Thermoelectric Space Power
_Sys temns

a. Introduction The results of preliminary investigations
of nuclear out-of-pile systems and in-pile systems equipped both
with and without heat transfer loops are herewith presented. The
system coded HORSE utilizes a coolant loop to transport heat from
a reactor to the hot junction of the thermoelements. The system
coded TIGER requires no loop since the thermoelements are attached
direculy to the reactor and remove heat from the cold junctions
by direct radiation. The system coded SWIFT utilizes a coolant
loop to remove heat from the cold junctions of thermoelements.
Calculations were done with both the !9O)4-65 and the 1971-85 sets
of thermoelectric parameters for each of tiree different concep-
tual designs in order to determine the effect of these parameters
on the performance of these systems.

The achievement of good Carnot efficiencies is aided by the
use of MCC 50 and MCC 60 thermoelectric materials which permit
the operation of thermoelectric generators at temperatures up to
1200-1400 0 C. However, thermoelectric generator operation at
1200-1400 0 C requires high-temperature reactors as heat sources.

Operating temperatures of 1200*C or higher preclude the use
of hydrogen as a moderator in a nuclear reactor because it would
diffuse otit of the system. All other moderators are much less
efficient than hydrogen. From the point of view of weight, the
next best choice to hydrogen is beryllium, which would greatly
increase the weight. Any moderated reactor not containing hydro-
gen would be heavier than one which did not contain a moderator.
For this reason, a fast nuclear reactor was used in order to
conserve weight.

Diuring the study of the systems considered in this report,
it was assumed that the payload had a diameter of 3 ft. and that
it consisted of electronic equipment containing transistors.
The radiation resistance of the transistors is the limiting factor
which determines the reaction shiqlding requirements. Transistors
can withstand approximately a l0-L neutron/cm and 107 Rad (C)*
of gamma rays over thei. lifetime.O These limits were lowered to
5 x 1012 neutrons/cm2 and 6 x 10 Rad (C) of gamma rays for
systems coniaining coolant loops to allow for scattered radiation.
Mission lifetime was assumed to be 10,000 hours in all cases.

*One Rad (C) is defined as the amount of radiation which
produces 100 ergs in one gram of carbon.
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b. Present State of the Art It is generally agreed that
nuclear power will be the most likely source of power where quan-
tities in excess of a few, es Qf kilowatts are needed 'or more
than a few weeks' duration- e Nuclear systems based on
thermoelectric energy conversion offer the fLollowing potential ad-
vantages:

1. Ruggedness and reliability

2. High power per unit area and volume

3. Elimination of orientation and deployment
operations

4. Continuous power

5. Safety upon launch

6. Remote control start and stop

A large amount of development work has been done on three
nuclear reactor-based space power systems: SNAP lOA, SNAP 2,
and SNAP 8,. These three systems utilize a zirconium hydride-
moderated, thermal reactor as the heat source. Each of the three
systems operates at temperatures well below 12000C. SNAP IOA
utilizes germanium-silicon thermoelectric elements located out-
of-pile as the method of power generation. SNAP 2 and SNAP 8
produce power by means of alkali-metal, Rankine cycle turbines.

The expected electrIcal output, system performance, fuel
cost, and sBt~m . uTes are summarized for SNAP 10A, 2, and 8
in Table 28• eruo , e

Table 28

EXPECTED PERFORMANCE OF PLANNED SPACE POWER SYSTEMS

Power Systerm
Output, Performance* , Fuel Cost, System Volume.

System KW(c). lbs./KW(e) $/KW(e) ft. 3 /KW(e)

SNAP .I1A Q.12 1300 96,000
SNAP 2 3. 140o 16,OOO
SNAP 8 30. >100 2,600

*unshilel ded

1 (0



One other nuclear reactor-based, space power system is in the
conceptual design stage. SNAP 50, based. upon a ceramic-fueled,
fast reactor, will use Rn alkali-metal turbine as the method of
power generation. This system, having a 350 KW(e) output, has an
estimated system performance of 15 lbs./KW(e), excluding the
weight of shielding.

c. Out-of-Pile System (HORSE)

(i) Conceptual Design The proposed out-of-pile
powersystem, as depicted in Figure 58, would consist of:

1. A reactor and controls.

2. . shadow shield for radiation attenuation.

3. A thermoelectric generator with integral
radiators loc.ated between the shield and
the payload.

4. A coolant system to transfer the heat
from the reactor to the thermoelements.

5. Structural supports.

Placement of the thermoelements away from the reactor (out-of-
pile) frees the reactor design from restrictions imposed by their
presence, but necessitates the inclusion of a high-temperature
coolant loop. This high-temperature, out-of-pile, reactor-based
system for generation of electricity Is coded HORSE.

The coolant used in these c:alcuations was liquid lithlum
because i1t has a normal bolling point (1340'C) high enough to
allow operation at. a reasonable pressure at the required temper-
atdres, and because it has excel lent heat-transfer' characteristics.
The main d isadvantage of lithium as; a h1,glh-temperature coolant is
that it 1's corros Jve to almost all known irinla"I of construction
at L200' C and hner- it might be .1Tfi.cult to contain. An alter-
native to ].ithium would be an .1in't ga- coolant,, such, a. hellun
Helium is expected to havo good hlaie,-tansf.r pr-operties0 cr"Na:-ou.
to other gases, but riot aS good (if thOSe o liquid lI,.hlum. It
would not be corrosive, even at, t(If,,'e turs of 1200°C0, but t
wou2.d also be diff1 cult.. to rtota!. I'In-c t ('an dlffuse through
solid materials as we .I as! tih3ou .:V AC' h-1," it

such high temperatures.

The fu .L3, considered for the sea,.t2 were U-, C, and
pul2 3 9C. The 1200 'C temperature c 1mi na tes m,,t:a1 e 'au' ..
plutonlum from consideration beccause of th(er .low me Ing po n.

1(1
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Both plutonium carbide (PuC) and uranium, carbide (UC) have
melting points well above 1200•O, and thermal conductivitLes
which are higher than those of most other ceramic fuels.

The calculations were done on PuC rather than U2 3 3 C or
U2 35C, because it has the most favorable nuclear properties and
hence the smallest critical mass. The spherical critical masses
of PuC, U2 33c, and U2 35c were calculated to be 23.7 kg., 30.6 kg.,
and 101.3 kg., respectively, using mulligroup neutron diffusion
equ4 tions(Ref. 8). The plutonium was assumed to contain 4%
pu2 0. The weights of reactors fueled with U233C would be
slightly heavier tnarn those fueled with Pu 2 3 9 C. u2 35C reactors
would be expected to be considerably heavier.

The present cost of plutoniumr at $43 per gri n, is high
compared to the present cost of U2 ý5 at 1L.32 per gram (or w/o
U235)(Ref. 9). Th.. )rice of plutonium, however, Is expected
to decrease to approximately $10 per gram as its supply becomes
more plentiful as a byproduct frorm power reactors during the
next four to eight years(Ref- iO). The figure of $10 per gram
for plutonium fuel was used in these calculations rather than
the present price olf $43, since this is expected to be the pre-
vailing price of plutonium by the time such systems are built in
quantity.

The reactor core was designed in the shape of a cylinder
which was split in half, radially (see Figure 58). The control
of neutron leakage, and thus the reactor power level, is effected
by moving the top and bottom halves of the cylindrical core

closer together or farther apart. The control mechanism, located
on top of the core, pushes against three support rods while the
reactor is in weightless operation in space. The halves are held
apart by shims during launch which can be removed once the gen-
erator is in a proper orbit or safely in space. This arrangement
reduces the need for massive support rods.

The coolant tubes, made of high-temperature corrosion-
resistant material, would pass through the reactor core parallel
to its axis, but would fit loosely to allow movement of the halves
relative to each other. Heat would be transmitted from the

reactor core to the tube walls by radiation.

The distance from the lower face of the core to the payload
was assumed to be 15 feet for the smeller units. This distance
was lengthened for -he larger unrts considered, in order to allow
the larger nmlnber of thermceiectric elements and radiators to be
positioned betweer the shadow shield and the payload. The gen-
erator and radiator were dividedi into reClundant systems to -in-
crease the overall system reliability. Th, pumps were assumed to
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be centrifugal ones that could be powered by interr'upted DC
currents with an assumed overall efficiency of )10%. The pumps
would be placed in coolant return lines to the core.

A shadow shield I n the shape of a frustrum of a cone was
assumed. The shield consists of two parts, an inner portion of
gamma ray shielding composed of depleted uranium and located
adjacent to the core, and a neutron shield composed of lithium
hydride encased in a stainless steel container 0.109 inches thick
and located between the gamma shield and the payload. i Flu

(2) Performance Charac'teristics A computer program -

was written to facilitate the sizing of" the HORSE system. The
assumptions made and the equations used are given in Appendix 1.

To calculate the performance characteristico, a core height,
a coolant tube diameter, and a coolant fluid velocity were
initially assumed. Based upon these input parameters the heat,
transfer taking place inside the reactor core was calculated and
the number of tubes required was calculated. The pressure drop
to the coolant tubes was calculated and the pump power was also
calculated. Following these calculations, the reactor core was
sized, based upon the amount of dilution included by introducing
the coolant tubes. fit this point the reactor shielding was de-
signed. The thicknesses of the depleted uranium and lithium perass
hydride were calculated by the removal cross-section method in The
a manner similar to that used in designing the shields for SNAP itha
10A, 2, and 8. The diameters of the shadow shield components a c
were determined by geometrical considerations. Finally, the diCe
generator was sized. Initially, a separation distance of 15 feet uniwas assumed between the back of the reactor core and the payload.

However, if the radiator could not be fitted in the separation
distance, the distance was lengthened, als(

! • sysi
Three sizes of units, namely, 3 KW(e), 30 KW(e) and 350 KD(e), whe

were sized to correspond roughly to units presently being de- iat.

signed (SNAP 2, SNAP 8, and SNAP 50). Parameter runs were made
using the program to determine the optimum core height, fluid creo
velocity, and tube diameter for units of these sizes. Systems' oxi(
performances and lbs/KW(e) were calculated for 3 KW(e) units cons
with a core height of 0.75 feet, using tube diameters ranging
from 0.25 to 1.50 inches and fluid velocities ranging from 5 to
50 ft./sec. The results of these calculations are shown in Table 350
29. The best rating was attained with a tube diameter of 0.50- 6001
inch O.D. and a fluid velocity of 15 ft./sec. Similar runs were t be t
also made for 30 KW(e) and 350 KW(e) units each having a core foui
height of 0.8 ft. The results of thesr, calculations, recorded
in Tables 30 wnd 31, a2sp show the best performance using the 0.5- squC
inch diameter tubes and the 15 ft./sec. velocity.
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Table 29

EFFECT OF FLUID VELOCITY AND TUBE DIAMETER ON
SYSTEM PERFORMANCE OF PuC-FUELED, 3 KW(e) UNITS

(No reflector, core height = 0.75 feet)

Tube OD, Inches
0.25 '.5 0 .7ý5 1.oo 1.25

Fluid Velocity, System Performance, lbs./KW(e)
ft./sec.

5 130 118 118 12ý2 128 134
10 119 115 119 124 124 129
15 119 115 120 122 127 133
20 118 116 118 123 129 136
25 118 117 119 125 132 140
30 120 118 121 128 135 144
40 123 123 125 134 143 155
S50 128 128 132 143 155 171

The effect of core height was then investigated. System
performmrnces were calculated for 3, 30 and 350 KW(e) units,
assurairg 0.50-inch OD tubes and 15 ft./see. coolant velocity.
The results of these calculations, presented in Table 32, show
that the optimum performance for a 3 KW(e) unit was obtained with
a core height of 0.6 ft. Similar runs for a 30 KW(e) unit in-
dicated the optimum core height to be 0.8 ft. and for the 350 KW(e)
xnlit, to be 0.9 ft.

The Elffect of reflector savings on system performance was
also 2alculated. Table 33 shows that for each of the three
system power levels considered, the best performance was attained

: when no reflector was added. In all of the subsequent calcu-
iatlons, however, 2 cm. of reflector were assumed in order to
provide an insulation for the reactor core. The amount of de-
crease in system performance made by adding 2 cm. of berylijuin
oxide reflector would not be great, yet it would conserve a
consde-r-ale amount of heat I'n the reactor core.

Sysc•m perforrrn(-ec wevc ,.a1cuiated for 3, 30, and
-0 KW(e) ai-tc . t six radiatov temperatures (500, 550,
o0J, 650, 700, and 7%OC) Mnd for, nine thermoelement lengths
between 0.1, and 2.0 -,m. Cons-deraktion was given to
fou-r termoe iementt rQ o s e - ' o nz: 1/16-inch x 1/16-inch

iquir'e, ±/8- n'h ,. _n'h 2quare, 3/16-inch diameter circular,

17r:



Table 30

EFFECT OF FLUID VELOCITY AND TUBE DIAMETER ON
SYSTE•I PERFORMANCE OF PuC-FUELED, 30 KW(e) UNITS

(No reflector, core hpight = o.8 ft.)

Tube OD,. Inches
0.25 0.75 1.00

Fluid Velocity,
ft./sec. System Performance, ibs./KW(e)

5 47 37 35 38
10 37 33 35 38
15 36 32 35 39
20 36 33 36 40
25 36 33 37 41

Table 31

EFFECT OF FLUID VELOCITY AND TUBE DIAMETER ON
SYSTEM PERFORMANCE OF PuC-FUELED, 350 KW(e) UNITS

(No reflector, core height = 0.8 ft.)

Tube 0D, Inches
025 2.2 0.75-- 10

Fluid Velocity,
.....t./se. .. Syster Performance, lbs ./KiW(e)

5 - 32 29 38
10 33 26 28 36
15 31 25 30 37
20 31 26 31 38
25 30 27 32 40
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Table 32

EFFECT OF CORE HEIGHT DV SYSTEM
PERFORMANCE OF PaC-FUELED UNITS*

Core Height, System Performance, ,bs./1;e)
ft. 3 KW(e) 3-0 KW4e 350 0.,e)

0 .3
0.4 22

0.3; 33
o.6 "] 32 260.7 •3 31
0.8 11 37-. 2
0.9 1,2- 32-
i 125p 33 25
I1.2 -34 26

i .• - -28

* Fluid ,velocity = 15a f't/sec, 0.50-" OD x 0.30" ID
tubes, no reflector-

Table 33

EFFECT OF REFlECTOR SAVINGS ON SYSTEM
~'EF0R4ANE 0 PuGC-FUELED UNITS *

System Performance, Ibs/KW '
Reflec tor 3 KW(e. 3 1(1W (e) 350 KW14e,
Thickness, ('c, .. e height, (cooe. height, (core height,

cfl. 0.1f_,) I.0 ft. 2.95-- .

0 i0 33 4
2__.:' •o 3•43

5 136 36 4
092 50

*FJlu'd velocity .15 = £ -. t/ -' , 0.:5" -)D x 0.30" ID tubes

i77
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and 1/4' inch diameter circular cross-sections). The resvtst for
3KW(e) units are listed in Tables 324, 35, 36 and 37' O~r166

thermoelectric parameters and in Tables '38snd39 for 19(1-85
thermoelectric parameters. For 30OKW(e)' units the 1964-61 restalts,
are listed in Tableso 4A ,-I,42, anid 03 and the 197.1-85 values i-in
Tables 44 arid 45 .For 350 KW(e) units the 1964-65 values are
listed in Tables 46' and 47 and the i9r7l-85 values in Tables 48
and 49.

The maximum performance of the out-of-pile (HOIRSE) power
system at diffecent power outputs is summariz-ed In Figure 59.
This figure shows that -the sytttem performance utilizing 1-964-65 t
thermoelectric technolog~y improves rapidly from 1its 150 lbs/MJC(e)"ýI value, for 3 KWe) units to approximately 50 lbs./KW#(e) fr -;ery
large units. UtiIzing 1971-85 technology the possible system
performances are considerably Improved, showing promise of

achivingapproximately 20-?ý5 lbs/KW0(e) for large units.

The effect- of power out-put and thermoelectric parameters on
systema volume of HORSE unit-s joshown in Figure 6o. The cubicIfeet of system volume required decrease rap-idly as power- level
is increased fCrom 3 to 3' DI, e). Thfe 1971-851: technology would
enable czonstruction of' significantly atore comapac-t units in the
-Larger outpout L ranges /30W~e)7

The effect of power outk-put and thermoelectric parameters
on fuel1 cost is shown in FI~ure 61. The fuel- costs quoted are
only for the raw material and do not include fabricatiorn costs.
Figure 61 shows a marked decrease in fuel cost per KW(e) WIth
increasing system, power level -for both the 196-1-65 arid 1971-8z;Ithermoelectric para-meters, 'the latter giving slightly lower
cost.s than the former.L

The high-est lbs./KW() ratings occurred for units with low
to inter~mediate (D500-6500C) radiator temperatures and with rat-henf-
s ho rt. thermoelleien'ts (0.060 -1.00 em.). The system perform-ance
seems, little affected by therrnoel~ermet cross-sectionial area.
These calculations indi-:ate tha~t the most ilport-ant, varniable
4o,, HORSE s-c-peTs is elei-ten't length and that more wor'- should be z-
expexided on the product-ion of short elements if tIIhis type of
system. we~re to be Pursued.

The a~n dvatageof-he HORSE concept is that it gIvs

very good performance in lb./nW(e) ratings, comparing very
favoabl wih l./-(e) ratings est-tmated for SNA? 2 and-

SNAP 8. The 19771-85'technology 4ol enbl ontrcoo
sLgnificantly more compact units in, th-e larger Z350 CW,;ej7
output ranges.
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(3) Problem Areas Two major pvblems Caee the
prloposed HORSE power system concept: and

- A fast reactor capable of 12-00-1400C sustained temp

operation in space is needed.

- Liquid metal or other heat transfer loops capable tecL
of sustained operation at 1200-!4000 C are required.

reac

These same problems must be solved for any power system intended 196t

to utilize heat sources and liquid heat transfer loops at temper- temp
atures of 12000C, or higher, to attain high specific performance and/

in a space envrronment. an 35'3-5

There are, of course, many additional problems that must be 8yst
solved to make the HORSE concept practical. A partial - Ist of by .
problems to be solved includes: ma te

- Development of suitably rugged, efficient, and requI~ t . he
long.-las tlng bonds between the materials of the
_iquid heat trans.er loops and the thermoelements. sYst

- Development of a comiplete safety program for
fabtrication, testing, laulneh, and operation in
space. Eone

- Integration of payload anrd power uni-.ts.
- Development of -um--, ive- fl-id U:,S. S. ..

these pumps could be used tn return cooled
heat transfer media. tiey would operate at
temperatures in the 500-700°C range.

-Jerificat"n *0.that the t.r r-,lectoi peroperties
of the -hermo-_.ectric materials. w hen operated
at the proposed teo..•er.a!•'.,ure, would not be seriously

Plac,
D e t r m i a t ib yo .. il• • t -o . •

-nti mic _rome teorie-shie Iding i'equre- radi
ments.

here, agaLn, solutions to most of the above ar.d similar problems fail*
elimwill be required for any space power system t at would utilizeIll --1the

a hiýh-temperature nuclear energy heat source and liquid heat
transfer loops.

(4) Probability of Success T_ probabiity of show_I used
success for the HORSE space power system in the period 1965-70 of
is definitely dependent upon the availability of a fast reactor

1o 0



d'q heat traiz.fer loop'- capable of ex-er !-,',.-t-,,
tmern~era ti'es to 1200 C '. The thermoeleetrli' c.r-,
,;F, :'e;ulred could be estab!i ihud by 26 "

Ir is believed that fast reactor at n • i ctuj,'a .:t,.t.,..

technology Is adequate to perml.t design and con,,v'on of a
reac,.toir capable of operating; at the -equlred tc.,rg.1.tu,5 !~r ,b,
16 . 5-70 period arnd there i1 ,.1 rcasoonb Ic posz .-. Ity c 0
temnperature loop material; .:ou .d be developc, , ha.L) ',

n.,rid/or .v:.porated l.ithium ,t 1200 0 C by 197(0. it 1 z bhnj.ivd that
r ,. lnmediate crash research and devolopmcnt progra.. for th,.; 1:ey.!

3-5 yeirs could produce and ground-test a compiete prototy.yr
system. It Is estimated that the probability is not ,,iore tfat,
aj% for producing a successful HCGRSE type unit, ready f"or laun,!jJ1
by 1970. On the assumption that advances in high..t;emperaiutve
materias.c technology will permit solution of the loop m'1iteor'i.Kl
-equ-iirement problem In the 197]-85 period, It is estimated t'<2:
the probability is 95-98% for successfully meeting the :alu l[it.,•d
cyste, , performance characteristlcs of' this study.

d. In-Pile System Without Coolant Loop (TIGER)

i)_ Conceptual Design The tnermoele tric:in-Pl..
2n!erator u dilzing a reactor heat source-(TIGER) coronsi•.s of:

1. A reactor and controls.

2. A s-adow shie ld for r adlialon :tttenuation.

3. Structural upports.

4. Thermoeloc tric eler.entz.

.Radiatcz , .ttached d" , '.; to the
surface of the v,:,tctor core.

Placement Of ,e- a ther(moeiec,;i-Ic e-.ements oro d the
Adlators on the end of the the need for a
-o! nt .oop and It~s attendant 'arob..- , : '.i' ..'caks. urrmp

fa"ilure, Line plugs and related diYficuL.ies. ,",ota: i:iant:.y.
,-Limination of these problem', areas wi:L s;gnlf&2...tly .nip'r
the reliability of the system.

A conceptual design for the TIGER space piwe" syst.om I-,
•h-wn in Figure 62 The reactor c,&e dlffer"; "" "'
used in HORSE in that It is riot d"luted by o'Jiz•t tube., ,;
-,'ten it is annular in shape. Annul:tr -orC h:,v, :n•.". :: .

,'. per unit of core weight thanL solid ,yore::, , !ow.,/.g :!oru

1 ')1
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tlhermnoelectric elemrents and, higher powler out-put per pound of' fuel.
GraiphI-te shoes surround the -reactor Core. Segmented thermo-
eleme'nts are built. around "the graphitJ-,e, as shown in view&^ A and B.
The 'therm-,oelements are surrounded by 3 met-al radiator on which a
highly em-i~ssi'-ve coating has been placed.

The cor-e is split radially, as shown, into two halves.
Contr1ol of the reactor takes Dlace by changilng the ýneutron
lefakage, which is adjusted by m~oving the top and bottom halves
closer or farther apart-. The Ite-rior' of t;,he atnnular reac2tor
core is empty, so t~he neutron _- ux -is not" m-oderate in th anuls
Týhe thermoe-lect-r1 c elements and graphite sect15ions on the exterior
of Ithe core ten~d to act as a reflecto~r fee-ding the neutrons
back into the core.

Tnhe derivation of the princ~pal equat-ions used to size the
annular reactor cores assumaes that tne neutron flux is zero at
the extrapolatted outer radius of Ithe react-or core and" that t-he
neutron current is ze-ro at its inne-r -radius. These assumpt-ioir
nhave the effect, of elIIminat-irgaxia-l loss of neut.rons by leakage
t-hr ough t~he annulus . &S'uch assum-pt-ions gene rally hold for cores
which have a rat-io, of height to diam-e'ter of tCen or more and are
app~roximately valid Wiere the height-to-diaimetev ratio is as high
-as fou.- o~r five.

The -fuel used in the calculations was plutonium carbide, as
in the HORSE system conceptual design. The fuel cost was again
assuazed to be $110.00 per gram. The temperature of the reactor was
assumed to be hot. enough '.- heaqt- *the Ahot junctL1ions of the t1hermo-
electric elements to 1200"C f11or the 1964-65- calculattions and
Z1400 0 C for the 197ý1-85 calculations. In effect, the thermal
cond-.1ctlvity of tLhe reactor core was assumed to be inf'inite, and
no calculations were made on the effect of thermal stress inside
t'he core. For all. of the calculations on t~he TILGEI systems a
rconst-an't distance of -5feet between- --:-e core a~nd the payload was
used.

(2) Pe-rformance Char!act-erfst*_cs I- comnput-er p~rogram
was writtte.n1 to size these unit-s. The equations and assumptions
used are desclribed in Appendix- I.

-Ie firs -ao-lulton i'n -he program, was sizing the

r ea ct-or core, fir-st assumed to be a solid cylinder. W-hen t-he
s ra :c e _- o n thIne S o l ,V cy fI n derP-0 prve d to lbe- i n su f f 4c e nt. an

c~iu~a tye cre asassumed. Next-, gammaa and neutron shadow
eld s oM mo os ed of -depJe I t.e d ur11a n ium i aIrnInth 1nu m hYd~r I deI re -
pe'zywerye sizcnd a;,s to thic-nkness aŽnd d'amet-eir. FJ~nally, the

we-;zht ofL s'tractuzre necessary ito support the reactor and Shield
Wns ý

U~ ,-



C'alculationS were performed on units of' two sizes, 3KW:Ce)'
__~~ _t-O and .191-b`stsoand 30 PKW(e) with both tLhe 106"' -0 - e1:
electric parame-ters. Pa-rameter runs we-re made ii-fal.-I~ V t ij
mi-;.e the proper height to assuime -for the core. The rs: of4parameter runs on ooth 3 151fe) and 30- ele unfts,7 -- e shown -'r:
Tables 5.0 and 51, where system pe-rformance iis tabul a te c'A Bs a

funtio of.oe height'. The numbers 9060- and Sý110 relfe-r to
specific sets of thermoelectri eeao paam te's Dh f'ct
with a high watt (e)/'ib. ofL ge~nerat-or rat-Ing and the lattrer, -w
a low rating. These tables reveal that systemnp~frra-
continually imaproves, as core he-ight is increased. iný- orde~r ta

keep the co're height from becoming unwileldy, however-, It was
decided to use a core height. value of b ft. for the3KW)uns
and a value of 15; ft. as the core height, for the 30 K()u~s
Using these core heights, calculations of syst'em performance were
made for a large number of gene-rator-, and the results for 3 IKWA(e)
units are recorded in Tables 152,5;3, and 514 for 196"4-065 tharmao-
electric parameters and Tables 55,,5o , and 57 -for 10-71-85
t'.-hermoe lec tric par-ameters. For 30 K-W(e) units the 1964-6:3 results
are listed in Tables 58,59 , and 60 and the 197-1-8-5 resuilts iJn
Tables 61,62 , and 63

The system performance of TIGER unit-s is shown in Figure 63
as a function of power level and thermoelectric parameters-.
The figure shows that power level has relatively littCle effect
on system perf~ormnance, but that changing from the 1964-65 se't of

-~ thermoelectric parameters to the 1971-85 set improved the sys~tem
performance from 290 lbs./KWle) to9 bs. ~)

System volume/KW(e) is olot~ted as a funct-ion of power level
and thermoelectric paramete-rs in Figure 6-4. This figure shows

thtpower level markedly InfClueinces systeri volu0m-e/KW(d) 2 C
ft.3/W(e) at 3Kvs4.3 ft J/KWI(e) at 30 KVW(e) with 1l9 4-6
thermoelectric paramelters7, and that irnorovement- in thermoe-lectric
parameters can improve system vroluame to a lesser extent.

The effect of power level and therymioelectric paraimeters on~
fuel cost- is shown in Figure 65. .As in rthe case of" system. per--

formncethefuelcoss of TIGER units are affested ma:r-kedly. by
the thermoelectric parameters and to a lesser- exten:; by the powe.-
level. The sharp dependence of systemk pprformrance and fuel- castI
on thermoelectric properties is to be expect~ed. -"2m;e both of these
criter4 a are determined by the amount- of power obtainable per
unit area of core external surface.

The best system, performances for 'T-G-ER units are obtained'
A with low-to-modernate length- t4hernoeler'e-nts (0.6 1.2 cm. a~na

low-to-moderate radiator temperatu.-e.s (500-6oo0c) with 2/4-i-men

iI



EFFECT OF CORE HE-IG'HT S"Y.STEM

PERFOR.NIANCE OF 3 KW;e) UNITS

Core Height, System Performane, ibs/KW(e)
feet -9ob 911-

2.0 10
.4.0 6o 050

6.0 •-n 940
850. 9oo

12.0 ;1O
1.460 800

Teble a•

EFFECT OF CORE HEIGHT ON SYSTEM
PERFORMANCE OF 30 Fv(e) u,.NTTS

Core Height System Perf'o-r•a•nce, ibs/}LW(e)
feet 90d qu

90oooi-O.'

.4.O

S440 935
28 45'o 980
20 "b20
30 -780
4 4•20 760
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thrs rs ses w ten ain c .c)i:. Y, ero c

~oc :-Ue b) y m.e t eorites, :~r om or2m
f~m f iure: (6) plugg ng of I -)r, a r,~ eo,

_4r-3 on; fl,, (7,iezn 7n7coa

of !~ These prob_-ms are r~z~. nn h iE ~-

T-hie use 2 reundant lE. tla -idrcuits -i zhe TG:7'-
sysem cne~twoulc mnimzemet-eorit,`-e d~amage to m,.eecAraJ

ouoto :ezsem. iTrPac5rom meteori tes woullid I
L ~e e f f e on syst-ezm p-erformianc.e, other tI'han damag~e

teroier:cO p, rone n I:s suffer*1--ing d _Jeoz, h -!- Th-e on.-.Y''
part , 11, 1h T1ER conet is the lmec-hanism fPor mov!:.g-e w

hal_--ves of Ahe r e a Ct-or

() roemAreas Aserious problem wh -Te 'ER
-concept is that the amountL of radiator- area reQuir-ed -is -,ather

~-r-b- pe-r thermoelelment. ;Antiicipated improvements in the
p ro13Pe rties o f a v a iI ablIe thI-,e rmr o eIe ct ric mat"erials wotjuid drat
Mncre ase tlp ove ral z,.r.steim, efficiency and reduce t-he a mo unit

netwhihms erda per couple. Increazsing t-he ther-a
efficency f thocouoles woula pernu,. 4tý -ecreas 1- te 'aiao

area propor-tionat~el~y and -allow, t-he elect-ri-cal outrput, of tGhe
system to b-e i~nc~reased wimr no appreci-able change in weigh!" or
cost- of fuel_ mate-i'al. Exlcept~aonally large -ýmprovelments In thermno-

'lectri~c prooe-rtfes would have to bDe ma howvever, before TIGER
units could sucCessf'uly compete with~ h-.-?;rE or SWIFT unil-s on
the lbas-s of system oerlforman'?e.

Another import-an* proble-M for the rTIGER 1-p of, Unit is thec
la ck of- -- falst re aCt or cap atIe o f o pe r at.g at 10-Th0 0 C. i t
is elie--,-ved t-hat, this tvoe i eactor cou zd be _Ta-de aval abl-e byv

1-11' !fan, inat enzif -e d de ve 1ooment program- were begun lirre d ia tely.
Tie low system, perfor-mance retv oa -oolant. loop system~

ý sign ̀ f iLc an diavan t ge- o f t he pres -nt TIGER power system -on-
~. Units of'he li--IRSE type ha-;ve :r ch le ss wegh er

0.,ot- ,-, .. c for e feigh t Kim Jt e, m ~on~ -ould



{lP-obabil ty of S3oc~ess Sys tem r ej a b i t y a nd
~he probabilitY Of Success in me e. ng mission requiremteflts, are
5sign -iiic ant y enhanced because coolIant lf-ops -%re no-t used- 4n thre

TIGER systemp concept. IT ILs -a ntc 1p at ed fth z; th ero er
ONaterla is of the desired properti4es wj ~ be Sval22bý "!~ -L00-

The s e f a ctor s, coup led wi-,t~h the I ike Ihoo-1 "Ihat ae Sign techno'Logy
arfi d m a te r ial1s o f c o n stru ct ilon w 1,1 b e a v a I I-b Ie fPo r a fLasIt, re a cto r
120Q0 C heat sourc~e, give the 'TIGER concepot quite a high (>90%)
probabillity of research success Jin the 11965ý-70 per-od.

e. In-Pile SYste.mS with Coolant Loops_(SWIFT)

(1) cnceptual Design The system for powe~r cgen-
eration with in-pile fluid-cooled thermioelectric elemen-ts (SWIFT),
as shown in Figure 66T co/nsisits of:

1. A reactor and contro'is

2. Th ermo e I tri4c elemen ts joinea t o tn e c r e.

3.A r ad0i1a *on sh'adow shield.

1*A sectfon of" _racJat'or eexter-nal to the

reacto)r core.

6. S-ýructurýK Osupcp~l'L5.

The coolant system -run-s over: the coldJ en--ds of the therrnoelementCs,
removes heatU :-om heand thren tr-anSport's it to radiat~ors lo-

cited externa-y. The cu~tuse3 in he 'Initial calcu-latons,
was liquid litha-.um. 'The ;e-Oerat'are if th cool-ant systema, holq-
ever, would' te :.i-u-ch _Lower- -thsýn thazz used Jn HCRSE, since the
1.-lator te:npýerature i4s f bowte12ý03-14Q00DC hotU-junctilon
tempe r_--, tre.

The r-epctýor -Ic ecpp)wt Ž2rsoprevent the top and
botto4.m ha-ve-s o,, the, 'eco r~ e~n Ariven. t-ogether Jur-Ing
launch. Theze alre re., ovEid after +th--e system iJs in olrb.,*L and has
be;- Dme we.'ghtle=ss. h hroeet r-dicate a. small -amount of
heat directl`y from. the cold ant s thnte Coolan loo takes

the~~~~ rnann d ob eete n car.riJes it- back behind the
s hadow s hiK to u ma s sie ia t ar e. The radiator area is
d',;`i-ed it.redundant unfits aidý vt eln reliabiliY. If ddi-

rýAdi~ r.rJe.a Accc .:~re ..ol d be ;made available irn
te frcrrn of lagfs ilc nhc d be extlendted radially
:rmthe reoctor mre._- Th e se wlPtliopoJect-ions coul1d be

-tSclre a nd wou La zb11 ,D - areu lau ntCh. T he-ir ra d ially
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exene po 'ton would minimnize the azmou-it of scattered radl ation
_2 which would be received by the payload.

The reactor core would be made in th sA~ ofe~hrA.
annular or solid cylinder. All of t-he elements are f ixed on the
exterior of a solid core, if possibe. -f not. thern an annular

coe susd adif the annulus is la-rge enough, elements are
Placed on the inside of the annulus as well as on the out~side. in
the !a tter case,, coolant- tubes :are fed. through the -inside of the
annulus as well as around t"he outside. T1he shadow shield IIS comn-
posed of a layer of depleted uraniumi to absorb garmma rays and a
layer of lithiulm hydride encased inl stainless steel- t-o absorb
neutrons. The pumps used would be DC electr~om-agnet.ic or the-rmo-
.1 electric pu~mps. The distance between the react-or core and4 the

p ay 0oad was fixed at 1.1 feat, in all cases.

(2) ?er.'ormance ýC'haracterIstIcs A compute-r pro gram
was writ"Len to size SWIFT units for a given specified power ou.,-ouz;.

Teaeuations and assumDtIo-'ns used are described in Ap pendli I.
The program starts by calculating a required surface area for the
reactor core based up~on the watts produced per couip -3e and the

cros-setional area reqried per coupl'e. Initial~ly allI of the
e-lement-s were assumL-ed to be attached t;-o the exterior of'a sclid
core uo to 2.5 feet in length. Cf the surf.ace area was insaff I-
cient, then annular core shape was assumed. The leghof 2_5
feet, was used4 because cores half as long.bult. annular ifl. shape,
would have an inside hole large enough. to accommodat;-e add'itional
ellements and yet t~he weight of fuel pner cent'IL-et er of core length
wouild be l-ittle changed. As a net result- there would be almnost
twice as much core area per un-It weight of core materIal. The
correct ratio of core height to core diameterL f1or a.nnular-shaped
cores i-is establishbed by parameter -runs. 71The -eulsOf -alcu-
latlions, shown in Tabl.:e 64 ,hotathemost advant~ageous
heighArt-to-diam-etker _ratio would be appr ox imra t.el-y t6.O for 3 KWfe)
units.t)

The effect- oflr core height--to-dlJaeTIer rat-',, on system per--
fkorman.le for 30 !QW(e) u-its is shown, in Ta-nb_, 6a for a tmore
favorable set Of generatýor characteristi,_s ThIs2 -data Jrdicat-es
that(, the optimumr core height-t-o-diameter ratio Is. about 5.f for
311 KW(e) ur."t,z. For 35,0 Mol(e) units the otm ratio jis aprorox-
mat-ely 4.0 as sh-own in ce6.

C-, l'culat_-ions were -. with thelmoeilemnentvs at diffelreu.~ lengths
and at different !rr:7ýmeratulrss. The elemient lengths used
ranged frol C`,02 :ýmn t21.C In incre,-ýcnts of 0.2 cn, The
radia tor ,enr.ures usý, 'e-ardfroln ;_50 0  Io h5C Tesse
runs were b-e-~n 4/z-irn. square and '3/16-inch

Jd-a me te: c.y i in.h c.ae- :1* 2 t A .Al runs with 11/8-
inch x L. -axzL ýre an1a /-4 -- ch diamete- 'i~ndric--l thericŽ-
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elements were made at tb• 350 K'Ie' level.

The system performances for 3 KW(e) units are listed in
4 Tables O6 and 68 with 1964-65 thermoelectric parameters and

Tables 69 and 70 with 1971-85 vhermoelectric parameters. For
30 KW(e) units the 1964-65 data is listed in Tables 71 and 72
and the 1971-85 data in Tables 73and 74. For 350 KW(e) units

the 1964-65 data s listed in Tables 75, 76, 77, and 78 and the
1971-85 data in Tat 79, 80, 81. .nd 82. The best system per-
formances at each of the three power levels are plotted'in Figure
67- for both sets of thermoelectric parameters. These data show
Lhat increasing power level and improvement in therm,]oelectric
properties both markedly Improve system performance of SWIFT units.

The specific volumes of SWIFT unite are plotted as a function
of power level and thermoelectric parameters in Figure 68. The
specific volumes are shown to be strongly Influenced by power
level but to be virtually unaffected by the thermoelectric prep-
erties.

The fuel -osts, are plotted in Figure 690 against power level
and thermoelectri2 parameters. Increasing values of both of these
variables are shov.n to h-'e a significant effect in decreasing
fuel costs per KW(e).

The best system performances seem to result with the larger
diameter thermoe-lements with short-to-moderate lengths (0.4-0.8 cm.)
operated at 450 0C or 7500C rather than at 2500C. The performance
value of 15 lbs./'KW•e calculated for a 350 KW;(e) unit with
1-971-85 thermoelectric parameters is the best performance calcu-
ited with any of the three nuclear-based systems investigated.

Another important advantage of SWIFT systems is that the
coolant loop used with this concept would operateat much lower
temperatures than the coolant loop in a HORSE system. The lower
coolant temperature should markedly decrease corrosion problems
experienced with the liquid metal or other heat transfer medi,

used. It is quite likely that much of the hardware developed for
other space power systems (e.g., SNAP 10A) could be readily ad-
Sapted tu the SWIFT concept.

_(3) Problem Areas As with the HORSE and TIGER
system concepts, a high-temperature (1200-140 0 °C),fast reactor
heat source is needed.

The favored annular or doughnut-shaped fast reactor corc

may offer some Zspecial problems over the more conventional solid
I core in reactor design, but It also offers the advantage of

higher heat fluxes and more uniform heat transfer.
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In idd-.Itc•i to the need for a fast reactor heat source,
P1 C-ein. that are common to most static and dynamic space power
s t-..., such as those listed unde~r the "Problem Areas" section
of ýhc discusS.on for the HORSE concept, would also require
ccolut.:ons.

(4) Probability of Success On the pr-nlse that
the:.rioelectric materials, with properties equal to those used In
this study, would be available by 1966-67 and that design technology
as well .s structural materials will be available for construction
of - rast reactor 1200 0 C heat source, the probability for develop-

en a successful SWIFT type unit by 1970 is quite high. probably
gre-.te- than 95%.

f. Comoarison of Reactor-Based Power Systems A comparison
of the HORSE, TIGER, and SWIFT types of reactor-based power systems
is recorded in Table 83. These data show that the SWIFT concept
is superior to thp HORSE, and that both the HORSE and SWIFT con-
cepts are much superior to TIGER.

Table 53

SYSTFM PERFORMANCES OF REACTOR-BASED
SPACE POWER UNITS

Space Power System Performance, ibs./KW(e)
Concep t - _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _

3 KW(e) .-30 KW(e) 350 KW(e)
1964-b5 1971-b5 19-4-b5 197i-15-b5

1HORSE 150 120 58 33 55 26
TIGER 350 130 290 90 - -
SWIFT 16o 110 60 24 43 15

The specific volumes required per KW(e) of' output for each
system concept are compared in Table 84 The large cores re-
qulred for the TIGER concept prevent this system from having a
Jow zpecific volume. The specific volume of the 350 KW(e) HORSE-
type system could be decreased to approximately the 0.2 ft. 3 /KW(e)
obtained for the 350 KW(e) SWIFT units by redesigning the large
unfts of this type with the thermoelemc.-ts on two large wing-like
"fIn- extending from the reactor, rather than placing all of the
thernmoeiements between the shadow shield and the payload. If
this were done. the HORSE and SWIFT units would exhibit approx-
in"tey. the same specific volumes at all power levels.

2'2



Table 84'

SPECIFIC VOLUMES OF REACTOR-BASED
SPACE POWER UNITS

Z &ace Power Specific Volume, ft 3 /KW(e)
p e t 3 KWe) 30 KWe- 350 KW(e)

"1964-65 1971-79 96-65 1ii- 1964-65 1971-b5

,S4 14 3.5 2.2 3.2 2.2
TIGER 21 19 4.3 2.9 - -
SWIFT 15 15 1.9 1.6 0.2 0.2

The fuel osts for the three types of systems are summarized
'in Tale 85 . The fuel costs for HORSE systems are significantly
!owe'r than for either TIGER or SWIFT systems because HORSE permits

orce effective use of the fuel than the TIGER or SWIFT concepts.
,For large SWIFT-type systems the fuel utilization could possibly
be improved by placing columns of thermoelements and cooling
tube- within the nuclear core, as well as on its interior and

lexterior surfaces. This possibility was not investigated. The
:dlutbox of the core material in the SWIFT concept would be greater
'tha± •in the case of HORSE-type systems, because the combined volume
l of thermoelements and coolant tubes would dilute the core more
, zhan the coolant tul-s alone.

Table 85
I,

FUEL COSTS FOR REACTOR-BASED
SPACE POWER SYSTEMS

Space Power Fuel Ccst, $/KW(e)
'Concept 3 KWie). 30 KW~e) 3ýO KW(e)

S19V4-65 1971E'•5 19b4-65 197- 4-65 97i'

HORSE 89,000 86,ooo 17,000 i4,o00 4,8oo 3,4OO
TIGER 68oooo 68,ooo 83,0900 22,000 - -

S SWIFT 118,000 100,000 92,000 3,O000 75,000 20,000

The fuel costs for TIGER-type systems, based upon annular-
'shaped cores, do not vary proportionately with increases Jn power
,output. For both the TIGER and SWIFT units, the effIciency of
ýfuel uLJlizatlon is iow because the large rcdlator area required



per Li-hermoeiement severely limits the number of elements which
can te attached to the core exterior.

A breakdown of the weight for the reactor-based space power
systems by components is shown in Tables 86 and 87

Table 86

WEIGHT DISTRIBUTION IN OPTIMIZED REACTOR-BASED
SPACE POWER SYSTEMS USING 1964-65 THERMOELECTRIC

P ARAMETERS

Space Portion of System Weight, %
2ower Output, Thermoelectric
Concept IW(e) Generator Reactor Shielding Structure

HORSE 3 33 34 20 13
30 72 12 6 10
350 79 2 1 18

TIGER 3 13 55 23 9
30 15 69 7 9

* SWIFT 3 31 38 22 9

30 34 41 16 9
350 42 4I 8 9

Table 87

WEIGHT DISTRIBUTION IN OPTIMIZED REACTOR-BASED
SPACE POWER SYSTEMS USING 1971-85 THERMOELECTRIC

PARAMETERS

Space Fortion of System Weight,
Power Output, Thenrmoelcctric
Concept C(e) Generator Reactor Shielding Structure

HORSE 3 19 44 22 15
30 57 20 11 12

350 68 4 2 26

TIGER 3 8 37 46 9
30 16 59 16 9

SWIFT 3 2 52 37 9
30 15 52 24 9

350 46 34 11 9
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shielding) of the 350 KW(e) HORSE-type units to below 20 lb/KW(e).
Such low weight-to-power ratios would be quite attractive fo_

narge space propulsion needs. In additlon, it is possible to
-'omblne the HORSE concept with a Rankine cycle-Lurbine power unit.
The waste heat from the cold Junctions of the thermoelectric
elements could be absorbed by a second coolant loop containing a
vnporizable coolant,such as water. The vaporized liquid could be
superheated and then passed through a turbine to a condensing
radlator. The syster, weight would be in,;reased by the; weigh of
the second coolant system and the turbine, but the system power
o--.put would be increased greatly by the overall l5i% efficiency

c:.tiut of the Rankine-turbine unit compared with the 3-5 effi-
.cn,-y of the thermoelectrlc generator. Computer studles opti-

:nL *.he system peioformance of these hybrid static-dynamic
...... ... ýmould be made to determine the potentialities of these

Tn summary. the watt(e)/,b rating and thermal efficiency of
r .t. hermoelectric generator are the most important factors affect-
rng th.e performance of the three types of space power systems

,:insderpd in this report. The size of the reactor cores for each
:•t che three types of reactor-based space power systems is deter-
•'.V,• by heat transfer or thermoelectric therm.al efficiency con-
siderations, not energy limitations. In all cases, less than one
atom percent burn-up would be required for a 10,000-hour mission,
even at an assumed thermal efficiency of 4%. The shielding
weight was determined by the reactor size, desired system power

* output, and thermal efficiency of the thermoelements. The system
structure weight is determined by the weight and geometrical con-
figuration of the major system components. Analysis of these
observations shows that reactor, shielding, and structure weights
are all strongly influenced, directly or indirectly, by thermo-
electric properties. The importance of the thermoelectric prop-
ertles in determining system performance indicates that further
research could be profitable in terms of improved system per-
formance for each of the concepts considered in this study. The
possibilities cf greatly improving system performance via hybrid
static-dynamic systems should be further investigated.
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"2 Ra j os Space PJ W e. eI-,

a 1::' t on Lotopec have several disuinct advan-
ages 3%,-~v , --her heat sout-,.e, oa..t.cv...arly in systems wi.th low

dc ci: .i - Irequirernez Of primary 'importance is the fact
.... ec).oPe ccar, ,> designed to funtion J.xi a manner

r', 'enc ' i of Its env~ronl;>,nt. I.lso, sources are
'.- in wide ,range of zpecific power' de-'•i1oi -nd lifetimes.

. 'mb~ibi'ring radiL:'Iiotope heat cou--ez. -t hi,th-t,, .rperature
"t f .'ic inater.iaa, is .s s osb Lic. tLo pr"odu••ýe devices which

-a' ,. a'..•;.L .ap-ub le of high pe:t'ormance (h16.,, watt / U. ratios)

an..i azl cC ! the high cormponcit -e'L..a,.,:-il1y, r' n een1; to all
;:rrio• * -.~,ri ger~ :'ators. The type of therr :,-er;,-ents developed

.,,,onsanto Re-ea,-,", Corporat.lon should not ,-n,_counter serious
c-'oblemz with regar'd to radiation, sub'imatlon or solid-state

:... cn types of damage wh,.i used in high-temperature. generators.
.elhcr 2h..".uld generators of this type be -eadiiy damaged by

-ii,: rom•teorlte impact.

Geierator and fuel-development programs are currently unider
way, or ...!anned, to inves igate the use of isotopes such as, 1 " -242, Cm244_9

o , 4 , i, pu238, pm14 7, and Sr 9 0 as power sources for
u.:- In cuter space. While satIsfactory techniques have been
developed for encapsulation of most radioisotoplc heat sources
In ways to insure safety in handling on the ground or in the event
of launch pad accidents, add'tional work is necessary to lower
the cost of encapsulation and to perfect capsules which will
either remain intact or burn up completely during reentry. By
the p,,uper, -:hoice or radioisotopes, a generator may be designed
to meet almost any mission duration, including those lasting
severai years.

The principal disadvantage of isotope heat sources for gen-
erators is their relatively high cost. In almost all cases, how-
ever, it il believed that an increase in demand will result in
larger scale production facilities and in resultant lowering of
production costs.

A second disadvantage of the isotope-heated generator is the
presence of radiation resulting from the process of Isotope decay.
Not only can this direct radiation present a biological hazard
and/or be detrimental to hne payload,but it can also Induce secon-
dar-Yradiation with equacly hazardous properties. For those
isotopes which emit onlur a-particles, radiation from isotope de-
cay is absorbed in the materials containing the isotope heat
source and surrounding generator. An induced secondary radiation
may necessitate minor hLielding. Beta (P) emission, however, is no,,
easily absorbed, and the resultant Bremsstrahlung requires either
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shielding or considerable separation between the generator arid
the payload. Neutron and y-errrssions are present for some
isotopes, and, like the B-emlssions, require protection of the
payload either by shielding or by separation. For all but the
a-emitting isotopes, heavy biologicai shield.!ng is requ~ired for
-round handling and launch pad operations.

With the above corisiderations in mind, preliminary investi-
gation of several conceptual designs for radioisotope-powered
thermoelectric generators was undertaken. This Investigatlon
was concerned with utilizing high-temperature segmiented p- and
n-type thermoelerents produced by Monsanto Research Corporat.iorn
with short, medium, and long half-life isotope heat sources.
Estimates were made of the performance characteristics, cost, and
probability of success in achieving the design goals for selected
generators.

The results of a preliminary investigation on radiolzotofe-
powered thermoelectric generators have been previously reported
in the Third Quarterly Progress Report of Contract No. AF
33(615)-1084. These initial studies were based upon the use of
light-weight isotope containers such as might be considered for
the wide dispersal type of reentry mode. For this report the

* studies have been changed and are now based upon the use of' hcsvy-
walled containers such as are necessary for total containment of
the isotope on impact after reentry or after a launch abort.
Another change was the choice of a somewhat higher, Intermediate
temperature at the Interfaces oetween the MCC 60 and MCC 40 (n-type)
and the MCC 50 anUi MCC 40 (p-type) materials. This temperature
was increased from 8500 C, used in the previous repcrt, to 900°C
to reflect the proven higher temperature capability of the MCC 40
materials. Finally this report will summarize some of the results
of a performance study for isotope power thermoei'ctric generators
based upon extrapolated material values for, the period 1971-1985.

b. Characteristics and Selection of Isotopes An isotope
must possess several important characteristics in order to meet
the requirements for utilization as a fuel for high-temperature
thermoelectr1c power generation systems. These are:

i. It must have a sufftciently long half-life
to sustain adequate power generation through-
out the mission.

2. It must have a high thermal density.

3. Preferably, its emittance will constitute
only a-radiation.
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It shoulo be ava-labLe a, relatvely low
cc.;t.

71t•h nl: Grne isotope cani meet: all of the prerequisites
-i -,ly. e ht cand,1dates starnJ out as p;ossible choice.> They

S.., in Table 88.

Lable 838

31•T• D j OTOPES_ S UrTALE FOR SPACE POWER GENERATION Re 1 I)

Useful
'0 f-i1.fe, Decay Power Density, Mission

Es -top y:-ar Prodlc,. wa tts/g. Life, yr.

Air-ha, 1 4c' 0.5
Neutron

1 .... A4 Aipha, 12Q O.5
Neutron

C13' Beta, .1.0
Ga- mmni

c.6. Beta, .. 5Sjam~ma

1.3 Alpha, .10
Neutron

S:27 Bet-a, 0.,7 10

Gp. rnum a

Sr 10 Beta, ,. i0
Ga rn.a

u218 36
Fu Alpha, 0. 10

Neutron
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For ,r'eS,,cligt caund...,LIate .. otopes will
.. ... e .... two grous ,- fnur mnernbers each. The first

,,-t e. 1 L[tc'ýi -- arc of uL'e for short-duration
, ,,o"ons ly, or .ince their r ot f o.. ecay is too rai:,J to pro-

', s•e• power out.ut over' long -eriods-' of tim-. The latter
h-.L.Ave h,.f-' veý .i-:tily s"ers.t>c lans .. St U- to

, ; .: tert years.

r•anking second i0 lm:,,nrtance t 'lf- a factor in
"b .... ' ,-e of an isotoi. e fuel. _:; Its ,owr Jensity (watts/g.

C, ). ore thuý. ar, other factor, thi:s property
.th.r- the uerforniance ratio (-watts/lb.) of the generntor.

:•her the power density, the le,-ss the fuel itself" weighs;
c-f even gr,'iter' s1gni.f.can c s thc reduction in weight posible

":n the sotorne fuel c'ontalner and :urrounding generator.

A f~u-thr characteristic which must be taken into consider-
',-n .Is the m.lting .o'rnt. It is necessary to provide a heat

rsource ca c lte of operation at high temperature in order to make
use of the at.ývarntages of the high-temcerature thermoelectric
Mater.al.- for the Monsanto Research Corporation thermoelements,
this temoerature Is 12:SC. Thus the melting point of any iso-
tope comnpound should 1e higher than the 12'0 0 C level. 'Table %)
lists high-temperAture prcerties for several forms of radio-

i: isotopes•

(I) Birological Shielding From the standpolnt 7.f

safety, anny thermroelectric generator ,,ith radltisotope power
must have some form of blological shielding. All eight Isotopes
conslderel for generator power for outer space produced
'Y-emlssion as part of their natural decay schemes. Also those
Swith 6-emission can produce a. Bremsstrahlung flux-(Rcf.13).
:oreover, four of the eight isotopes are characterized by neu-
tron emisslon, the neutrons coming from spontaneous fission or
from a -neutron reactIons In the fL ma teria I If material
shlelling only Is use, shie'ld weights can be quite high, but
fortun'itely sýbrl: we-ight r.enarltIes can often be largely avolded

f. for... lrarat rather than material
shiel 1ng, Is reilcd: upon for protection. For most of the 1so-
tonr, u u,-Jer cons'rdratlon, th, necessary separation .- itance.
tetween source and avay.orid aie entirely fea:.ble !n view of the
Integration of both the 1:otope-heantedl generator and the payload
In the launch vehicle.
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Table 89

RADI-'O.LSOrTOPE CHARACTERISTICS(R% f

Meltin~g init-ial. Power Specif-ic
RaIooePoint, Denns it y, Powe-r,

Compon~ent- Ha 1f- -I fe Ocwat t s/c c ts

Stortim-C 28 yrs.~ 191O 9.0 02?
t~ tara'e

S~rr'iu~9O 28 yrs. 2430 "0
CXI3!

30s yrs. >lo000 0.21 0,.907

Prom.eth-UM-147 2.7 yr~s. > 2wu 2.340 0.284*
cx'4.- C, -.7+ 0.15+

to, 1.4 to 0.27

'-( ,niurn-210 138 days i6ý,o 535 0 .

i- on - -rp-238 89.6, ys. -48203. 0

i -on 2363 ayrs 19- 502.

(esquroi u , 2

C-r ý_U-m, - 4 ~ 8~yrs. 2.45D26.*±
sesquo'jorI I

.73Am-+ ,Yrrs. 2 6 8 138L.

- Thet'reki~cal
f"s~ s~fec bY QRNL T lctcoýes Product~on Divisicn

+-t-8 - n&-rrcent ef thec-ret-Ical ieýns tyI'



An . nd<.-,on of The .. atJxe y and neutron dose r-ates f'-:.r
a2C wat(,. powei .surce I•- gven ' Table 00.

From ? _e .." I" evi~de[,: that for Isot o-es wh Ih •,m•,
in-C-* it 2 -101, < 2 2 '4 PV2

is present. Also, in the Ies of - and Pu23o, neutron
omnssilon .'s 0u te ow. The t .... -,-, f-s.cope ow n•tnaL
neu tron dose rate s en- • t, -s- re e c e thay
eseich tests hav•e shown z .na.t t ne shieIdi ng . ,-,eme n. S for

Cm2 4 4 are disappoifnInt. - y ";-

.D SE RJ ,1T.E.S F - 2I . ..... L WA... 1 I"- W .......

Isottc e Ga-;.a Neu tron

2.. 22

.0e

i---i ca~P-~-- ,",s

3 h3`

- 238 .83pu2~~~o 38 3,^' w

*Rads/hr. at cm. •r- l-"• sh,4eded right
cvlinder so-r-Cs wi-h r•4•l-•h equal to d ia m;ere
unshielded except for nhe equivaient of I cM. af
Ie ha s "(ýA, . .. .

it has been assumedt .. this initial, study on radioisotopes
that the ne.essary -_ozection, for a3equare biological shielding
would be a--'eevd by separai,-'n --f payload and generator and thus
no shielding weights have been inc-uded.
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- o!t- and At L- lit'/ of Isotopes phe avail-
.fiI .:;n: .... .co::'ts ,~f iotc s rerreýent the two greatest unknowns

In.e.....r 1, s ' u-... It has been concluded after
-• ofun -a :,ll.le "b a th:.t whereas nresent oroduction

-3,w an:- ...... %-re vterv h.gh, almost .'. future demand could be
.... .... ..e.c t im'? c'f_ ye- rs. In all likelihood

. .- ).. . 2. the projected prvoduction
..... . , the b s.s fK-'El t) Is surrmarizeJ as reported byS,. Ta l ' ", as :',t.- t .. o u opes presently

u e , I... , ne th'.t can -(, oro-Iuce'J Ref-14,)

244
From, tn& fo: 1-'-,ig tables It is anarent that Cm2 41 : and Cm2

: at'on to PCn10 are rresently In least supply, in terms of
. i- :.er,. it aso aopnea., that, I required, appre-

Ocah-le ant tes of all the t..o ccul.k be obtained by 1971-85.

able ; list. the r ,re-?,ted cost for the radioisctopes from
z cureo surces. It is likely that r;roiectei cost estimates from

"•te March 19646 column of' Tab"e are more representative of futurech .s ... .• _ co um of TaL.. .
sts.. than t.h, flgu.-. of th, ,:ther colum.nA. There 12 an apparent

re-4 therefore, r) lowering dioisoto, costs as time increases.

c. Design of Thermoelectric Generator

(1) Generator Configuration Three conceptual de-
,signs of generator configurations, namely, cylindrlcal, spherical,
•:d sandwich, were chosen for study with raliolsotope heat sources.
,1n each case tne heat source was contained at th:t center with
,segmented thermoelements radiating outwards an-i terminating with
f.nned radiators.

"(a) Cy lndrical In t-he 1-y1ndrical concept
the isotope Is encapsulated ina relatively long cylindrical con-
ttalner or can, with the hot ends of tht segmented thermoelements
,the=.ally coupled to the surface of the can. The thermoelemenrs
extend outwar's from the surface of the can anda are connected at
their cold ends to finned radiators. A major advantage cf this
design is that the cylinders may be stackeJ to vield units of
vhigher power levels.

(b) Spherical In thp second or spherical
ldeclgn the isotope is contained in a spherically shaped can with
,th: ends of the thermoelements thermally coupled to the surface
of the can and with the cold ends terminated with finned radiators.
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PROJECTED PRODUCTION CAPACITY OF
CANDIDATE RADIOISOTOPE HEAT SOURCES(Ref. Ii)

Production Capacity, KWH (t)/yr
Isotope " 12967, 197o
P0210  3 14 14 1,4
C242 _ 9.5 9.5 9.5
ce 25 700 1330 4900
"P,1:4 7  0.01 11 25 ill

244 L 129 134
Cs13 7  5 48 110 458
Sr 9 0  19 63 157 693
Pu238 1.5 11 35.8 73

* I,

* Table 92

PROJECTED PRODUCTION CAPACITY OF
CANDIDATE RADIOISOTOPE HEAT SOURCES(Ref' 8 )

Isotope Present Planned "Capacity Could Be"l

Po?!C 50 grams 300-500 grams 1000 to 10,000 grams
1-?. 100 grams 100 grams .1,000+ grams

Ce144  as needed 1,100 grams 30,000+ gram3
fPnl47 300 grams 500 grams 30,000+ grams

200: •_,u /rams 1, 500 grams many KG
.3s! 37 ii,. grams 40,000 grams 115,000 grams
Sr 9 0 r 21,000 grams 35,000 grams 70,000+ gram
Pu238 !,".. grams 10,000 grams 40,000 grams

Table 93

PROJECTED RADIOISOTOPE COSTS

$/The rmal Wa tt
March 1963 Nov. 1963 March 1904isotope (Ref. ll) (Re f.16)- _Ref.1I4)

PC 21)1 188 50

Ce1 44j 1
pm14 7 7 81-
m, 357 1,:)

Cs137 I'4 21 .1
Sr 9 0  7" 1.
Pun 14 8 C)
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(c Te anwih type of configur..,tiori utilizes a
flat fuel can In which the thermoelements contact each off the flat
,sides. This type of construction permits close Lpacing and ease
of thermal insulation between adjacent thermoelernents, a ga~in made
at the expense of providIing less radiator surface for each thermc-
'element with a resultant decrease In efficiency due to the higher
iradiator temperature produced. However, the lower efficiency
-may more TI:han offset reduction of' heat loss.

d. Initial Calculation Methods The computer program for
the optimnization of calculations was written in IBM FORTRAN II
language. A copy of the detailed computer program was supplied
'to the Air Force Task Engineer. Basically' the program is divided
',into two parts. The first zection of the program is concgrned
-with optimization of the thermoelectric elements themselvpei,
,whereas the second determines the optimum performance of an in-
,,tegrated unit (heat source, thermnoelements, and radiator). The
mathematics employed In the thertnoelement optimization IL baszed
on the well-known article by Swanson, Somers, and HleikesRaf.17),
'and yields segmnent lený1 .ths, area ratios, and load resistanc.e to
obtain maximum thermocouple efficiency. The first portion of the
'program was used for the spherical, sandwich, and cylindrical
1desirn cofg-tos The portion concerned with generator opti-
vmizntlon determines the total1 nunbe-r of couplep required to meet
voltage and power requiren-tents. At this point. the size of the
isotope heat sou.-ce, wr;ith the Ithermal power requirements and
,design configuration, is calculated. Spacing of the elements over
'.the surface of the Isotope container is comri-uted If the available
'radiator area is calculated. In th-'s preliminsary otudy the avail-
,able radiator area was equated tc the total .:old strap area and
thp effect of thre f In rtructu-re woas not taken into account.
'Inlforrat!on pe~rt.'alni-rg to the heat transfer of finnee3 :"tructures
couid not te incorporated in this st-1udy inl timne. However, It was

fetthat the resultz obtained from a Gtudy not c2ortsldering the
filn structure could to moaningful and that they could be extrapo-
ýlated to include the offects of tho Pfin structure. The subsequent
st-ecs In the calculaticon are: (1a) ,'f the radiator- area ic insuffi-
cient, the calculatlons or that pr:rtIlcular oet of Input data are

ter~naedand(b) ICf tre radiator cnrea t,, sufficient, the per'-
fcrrmance chrc~Itc;o'theý_ ýýenerator a~re leterralned.

For the ( o I- 'ri2'r '.i, conflgurcitlocir th(-re are nio
.%rtiher ca.cu1:atl.or.;,: The ylInrc.. conf'gur'atlon, however,
undergoe's- f'urth'r' calculat loin '(.%i doeml-tlr LI _j -ti)um

ý: r f'orma3n ce'. T-1he cy¶ni3r~icrt1 uni-t '.-jculd. onsicst of' a -numbor of
r-Ingz of thermoelement2- 8;tacke.d .:Aroun:ý 'mLni in t1hermal contact
vj,ýth tne C2t'1 2t(r-f!1,_l Qýorta-Lnr.2r' (;oeFg:c'. In the

o~i~m 7it~o :i'Ul" t2'A, thr numor' r.; ri'ng.s for' thorynoelements
zr'ylducedl Ly %r:,!~~ h corifl cvur-i t o!n calcuinat ins. are repeated



until a mtiaxiJniWiz wa5/1b. ratLo is obtained. Thus, from an
initial given length, the cylindrical generator is reduced in
length and increased in diameter until an optimum geometry is
found.

The preliminary generator performance calculations are
quite complete and fairly accurate with exception of those for
isotope fuel temperature and radiator configuration. It w.
felt at the time that to include these design considerations
would prevent the timely conclusion of this study. However,
both design factors are of importance to the isotope fuel tem-
perature because of decay gas pressure and vapor pressure
considerations, and the radiator configuration bec.ase of the
reduction in volume and weight of the device that can be achieved
with a proper design of the radiator (fin structures). Conse-
quently, it was decided to modify the computer program to account
for these considerations.

Up to this time it had been mandatory to contain completely
the helium produced by the decay of the less harmful a-emitting
isotopes for the expected life of the container. It is technically
possible to produce strong, porous, refractory materials capable
of containing the isotope totally while allowing the helium to
escape through micropores in the walls of the container.

e. Optimization Studies It was beyond the scope of this
phase of the project to prepare a cop-lete analysis of all the
design faCtors influencing the optimization of the generator.
Therefore, for the initia st'udy it was decided to consider several
generator configurations at one power level, 25 watts(e).

TMfTe 25-watt power level was chosen because it was felt that
the first operational, high-temperature thermoelectric generators
based on segmented thermoelements would be in this power range.
This choice seemed justified by the high cost and limited avail-
ability of most of the isotopes for the near future.

(i) 25-Watt(e) Power Level Study The property of
an isotope which most affects taee performance of a generator is
its power density. In the interest of economy it was decided to
make a complete systems evaluation for only one isotope but to
enlarge the study with a comparison of the performznces of systems
powered by different isotopes at one radiator temperat-ure. The
isotope which was fully evaluated is Cm2 4 2 , a high-density radio-
isotope with A half-life of 163 days. Although Po2l0 is a better
representative of the group of high density, short-life isotopes,
both with respect to cost and availability, it was not chosen since
at the initiation of this study not enough information was avail-
able.
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F210oFr the comparative s~tudy, 4hree radioisotopes were used:
Po.2 (gadolinium polonide), Cmý2 2 (curium sesquioxide), aid
Ci,244 (curium sesquioxide). An attempt was made to includc7
pU238  plutonium oxide) in the study but this'could not be done
efficienctly without modifying the comput~ program. Some
preliminary computation gere made for Pu.5 8 and the results showed
the performance eo, pub -heated generator system to be lower
than that of a C649-heated one, but not enough to outweigh the
advantages of pu23 8 with respect to shielding and availability.
Sr90 (strontium titanate) was also studied, but this isotope
proved itself to be a very poor candidate for powering space
devices - both the weight of isotope required and the weight of
its container are very high.

One thermoelement diameter was used throughout this study.
An elemerit diameter of 3/8" was chosen, since this diameter was
used for tne 50-watt laboratory model ganerator.

Six cold-Junction temperatures were chosen, because the
radiator temperature has a great effect on the performance of
a generator. The lower the radiator temperature, the better the
efficiency of the thermoelectric conversion, but the lesse.' the
ability of the radiator to reject heat. Values selected were
500, 550, 600, 650, 700 and 750 0 C. For the parameter runs only
the values of 500, 600, and 7000C were used.

Total thermoelement length was the final factor studied.
Fcr the larger. thermoelements, a total of 27 lengths were used.
These ranged from 0.1 cm. to 2.7 cm. This number was chosen
because previous calculations for the 50-watt laboratory model
generator demonstrated that in the short element length region
the device performance was best for any one set of conditions
until the inability of the radiator to remove sufficient heat
becaume controlling. It seems appropriate to draw attention
to the fact that this study is a preliminary one and that, for
example, it does not take into account the actual radiator con-
"figuration. The actual performance values are somewhat higher
than those shown in Figures 71, 72, and 73, but also the maxima
in the performance curves are going to occur at smaller element
lengths.

The hot ends of the thermoelements were placed as close as
possible to one another, leaving only sufficient space between
thermoeiements to permit fabrication. The ratio of the hot-strap
area not covered by the thermoelements to the total available
hot-strap area, defined here as the stack factor parameter, was
not varied in this investigation. For the diameter elements
used, the thermoelements covered from 50-60% of the available
space (stack factors from 0.5 to 0.4). With the plaJsma-zpray
techniques, this factor could be decreased furtherr.

238



FU m

" 0 0 C/ CO

coa

b~L

fCt 44 E-4c'

4 -) 0 '-

-.•-

0 co te

1l 000

-m 00 0

o -c,-

AE0OCn



C:0

.4.3-4

la c
V C.4

0t 00

0)) co

c 0 Q)

f*.V eq

0 c

o or

.4

4. 4' -r,

%~r co~btf 4.3"

2~40



N, 2

oc c

.c £ E0-4

0Z 0

C-) -C3

00
4q S

;4 ca -1 c :

*4 1::0 c

Y)4~V~

(D



The isotope capsule wall thicknesses were compuxted u1lizIng
a procedure outlined in Ref. 18. The capsule material used in all
cases was Moly TZM with a 0.I" of Hastelloy C cladding to prevent
oxidation of the molybdenum alloy. A 30% void volume was taken
into account for the a-emitting isotopes. The containers were
designed for impact(Ref. 18) and the effects of the helium
pressure build-up. The effect of reentry heating was neglected.
Additional study will be necessary to arrive at a calculat-fonal
procedure that duly takes into account all factors governing
capsule wall thickness. However, it is felt at the present time
that the use of the impact criterion yields a good first approxi-
mation of the wall thickness. While internal pressures due to

radioisotope decay, vapor pressure, and possibly additional
thicknesses of oxidation-resistant coatings may result in an in-
crease of capsule wall thickness, and thus of capsule weight, it
may also be that the approach of Ref. 18 is actually a bit too
conservative and that a correction of the approach may tend to
compensate for the effects mentioned above or it may even result
in a decrease of the wall thickness.

The relative physical positions of segmented thermoelements,
insulation, and radiators in the cylindrical-type generator may
best be understood by referring to Figure 70. In Figure 70 the
high-temperature thermoelectric segmaents of both the p- and n-type
legs are connected to the graphite hot shoes. MCC 50 is the
designation of the high-temperature p-material and MCC 60 is
the designation of the high-temperature n-material.

TO each of these high-temperature materials is bonded the
appropriate p- and n-type MCC 40, Monsanto Research Corporation's
intermediate-temperature thermoelectric materials. A thin copper
radiator is a-ta,::hed at the co'd end of each leg. Thermal and
electrical .nsulation fills the remaining spaces of the thermopile.

The isotope heat source for this proposed generator design
is shown in the center within a iNjelded inner and outer can. The
outer can, of course, also takes the form of an oxidation-resistant
cladding of the inner can. As portrayed in Figure 13, a void was
used to limit the pressure of the helium that would be released
during decay of the a-emitting isotope. If the use of the micro-
pore containers we have proposed ultimately proves to be feasible,
and i,; accepted by both the Air Force and the AEC, this void would
not .e requ'l..d and can weights would be much lower.

The doubly-segmented thermoelements in concentric ring form
sLown _'n the cutaway view in Figure 70 would be produced by flame-
and arc-plasma spray techniques, now under investigation. These
techn.1cques show considerable promise for producing segmented
thermolements "n a variety of shapes and performance charac-
ters tics.
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The t,:o conically shaped thermal radiation heat shields shown
at the lower end of support rod of the cylind.i :icai genierator in
Fti ure E, serve as thermal shadow sheIds for the payload. The
support rod would preferably be long enough to permit adequate
ser,'-ratlbon (,f the generator from the payload, minimizing damage

radint.on from the isotope heat source.

.he physical properties used for the initial optimization
| studles of the conceptual cylindrical unit shown in Figure 70

were presented in Section I of this report.

For all reported calculations on the state-of-the-art systems
3, 4-19K.5), constant values of the hot-jvnction and interface

ter... erature of 12i')00C and 9003C, respectively, were used. In
e-lch case these temperatures represent the limit of safety at
whIch, at the present time, the respective materials appear to
' ce oneracle for periods of more than a year. The reported cal-

, cul.-.tions on the 1971-1985 systems use hot-junction and interface
tem-,eratures of 14nO0°C and 1050 0 C, respectively, temperatures
which we feei can be safely utilized by our materials once their
development has been completed.

On the basis of performance and life tests made to date of
generators c"-lsi:ructed with doubly-segmented Monsanto Company
thermoelectric materials, it is possible to develop approximately
1_ volts at 95 watts(e), or higher voltages at larger, generator
capacity. For example, more than 24 volts are obtainab!- under
matched loid conditions for generator power outputs in excess of

-.atts. Accordingly, no effort, was made to Include any form
c', -.ower-,cndationl.ng equipment in this study period for the
•.,.7er half- 4.fe heat source. It is poscible that power condl-

t,, I-r::z.,.1' not be required, depending upon the mis;ile power
"proflle. MIechanical methods of dissipating unused heat, such as
"the stutr",'t. used on the SNAP 11 generator, may be necessary when
shor .r half-life isotopes are employed.

rFigire 71 portray.s a typical relationship between the

w,- tz/!'c. performance ratio and the total element length of seg-
rn-ente,'! thermoe].er ntt for a cyilIndrical configuration utilizing
thermnolements ol 3/8-inch diameter and an Isotope fuel consisting
otM -4>-. The cold-Junction temperature represents the parametcr.
Tho optimum performance is noted at approximately 9 wat.(e)/lbs. for
a tot-al element length of 1.'T cm and a cold-junction temperature
of 559'•C. As shown i'. Figure '72, the conversion efficiency w,,'.
oe about .'. o., "3 for this element length and cold-,Junction trmepiv:.,-
tl.re. t Is also noted from Figure 71. that a somcwh'•t' o.•,,
.•erformar:ce of, for, example, (.;5 watt(.)/ib. an b,-- at,,aý . for

,a f''riy ,;2i�, r ,,ange of elemenht lengths anri rad!_, to: to .r:"itu'ec



The general shape of the• curves shown in Figure 71 Illus-
trates the effet of obtaining improveq genetrator performance by
decreasing the overall element length. Howev'er, it is apparent
that there is a practical limitation on imp-r,_'.Ang the generator
performance by decreasing the element length, oecause aa the
length decreases the resistance decreases, thus permitting an
increase in current and losses. Also, the beat flux through
each element increases, necessitating the re>-ction of more heat
per unit radiator area. The maximum points on each curve in
Figure 71 represent the cases where radiator sur.e becomes the
controiLing :actor and a further increase in heat throughput
reduces the generator performance drastically.

In Figure 72 the overall generator efficiency associated witl
each of the cases shol.m in Figure 71 is demonstrated. The effect
of changing the cold-junction temperature on generator efficiency
is quite apparent.

Figure 73 illustrates the importance of a high-power density
isotope for a 2r watt(e) cylindrical generator, fabricated with
segmented thern:oelements and operating between 120•,•C and 6000C.
In this case tne only parameter varied was the isotope. Of the
isotopes considered, P0210 is the most attractive heat source.
Ch-.4 offers a relatively good performance, out other considera-
tion L such as cost, ground handling and payload shielding make
Pu 2 3 6 a more attractive, medium-density, long-life fuel. The
performance values for Sr90 were calculatee but they have not
been plotted. The Sr 9 0 performance values are quite low and it
seems that Sr 9 0 should only be utilized for terrestrial applica-
tj,.ns where weight is not such an overriding design criterion
as it is in space power applications.

The maximum performance calculated for a 25-watt(e),
cylin--Cical, isotope-heated generator, using 3/8-inch diameter
thermoe ements, are.

9.3 wat (e )/lb., using Po210 as a fuel
8.8 watt (e )/lb., using CL242 as a fuel
3.8 watt (e )/lb., using cm24 4 as a fuel

In Fj.ýire 74 is presented the comDarisoin of the various de-
signs of cylindrical, spherical, and sandwigh conceptual designs
for the 2r$-watt(e) generators utilizing Cmr2 as the heat source.

The results of calculations based unon the 12.-00C ho-junc-
tion and the 6000C cold-junction temperatures and 3/8-inch
diameter segmented elements reveal that the spherical configuratio
has a slightly better performance than the cylindrical. in view
of the fabricatlon complexity of a spherical configuration, -t is
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felt that the cylindrical co~nfiguration, l½ to, b- preferred In
almost all cases. The sandwi";1ch configuratlon compares very
unfavorably with both the cylindrical and spherical design. It
is aga-r. to be noted that the Increased heat-reje_-ction capacities
of the radiatorsdue to the fin structures mounted on them, have
not been taken Into consIrleration and that further study will
reveal that the actual performance values are in all cases some-
what larger and extend somewhat more into the range of shorter
element lengths. However, it Jis felt that the conclusions with
respect to the superiority of the cylindrical design still hold.

The figures for Isot-ope costs under the November 93Rf1'
column were used at the time this part of the study was made, and,
therefore, qn242 was selected to show the typical 'lependenoies of'
thermal efficiency and performance on element lengths for various
element cross sections, radiator temperatures and generator con-
figurations. THoyever, p0210 is,orx the basis of Ref. 14,.lower

"rNcst than CmG: and, sinoe:i hati also better pe~formance ý(see
Figure T3) and less shielding requirements than um2 4 2 has, Poiý1
would be the right choice for any short mission applic~tion. It
is toi '-e noted that the conclusions drawn from the, Qn2 42 sud
are equally valld for PoC 10.

In the medium.-power densi-ty area, the initial fuel cocts of
CM2 4 4 are identical with those for safe but low power density
pu2338. On a short-term, basis, i.e., 1-5 year l1fe, costs woulO
remain the same, but 1'It were possible to use a generator to
the half-life of rm244fand pU238, t11i pu? 8 would be the more
economical fuel. Cer'tainly pu238 presents much less in. the way
of shiielding and ground hand~ling problems and costs than does

C~24 nd would be much more economical to use.

Further revisions are anticipated to the projected costs of
the eight, isotopes listed In Table 9.Such changes in costs
are dependent upon Idemand and typ.e of usage Involved in cofmmercial
'iev-elopments. For the Irmmiediate future, isotope power density,
ava~lability, and missilor safety factors will probably govern
their selection for spa-ce power systems.

T~he results reported on the previous pages were based on
thce properties of the M~onsanto Research Corporation MCC 60,
MCC 50 and MCC 40 materials established for the period 1964-1965.
A taDle of these properties Is shown on page 168 of Section E. on
the same page thle thermoelectric property vallues considered t~o
be feasitle once the development of the MRC materials is completed
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have been tabulated. ITf is felt that, these material values --
valid for the periodý 1971-198!5. A p~relirinary study based uin

_t ~these material values showed that a IL400 0C hot-j'unction ibe-ij-
Ies peaur1050C"'"interface-tempernature, and 550 0C. cold-Junction

1-e empratre, sy~tes thrma efir.,enc of9.0ý- can be reached,
while a performarace of better than 201 Wattsfe)/-Lb. can be ach-leved
for a wide rantge of elertenv lengths and ccold-junction tempepa-
tures. A 25 watt(e) thermoelectrcic space power syst~em using an

;h gadol-inium-polonide-210 heat source can have a performance better
a thain 21- watts(e)/lb. based upon these _1971-1985 mnaterial property

Predictions,
.16)

andf. Pr'oblemn Areas In any discussion of antic-ipated p-roble-m
of areas'T for iLotope":hi~~r1ed spa e power -systezhs, t-he problem of'
Ssafety da.ring launch., abort'.. orbit,, and reentry is paramount.,

Any new design would undoubtedly require an extensive saf'ety
analysis and test program. It should be feasible to sol1ve su-.-

see p-oblemrs, since they are,, in general, quite similar to those that
:10 were faced and solved during the several successful SNAP missions.

it Additionally, problems will have to be solve-d in the pro-
duction of the optimized but Very ,5maall. the.r.m.oe lemen ts needed,
and 1.i joining of the thermoelectric generator and isot-ope-

of eontainer interfaces. Also Im-portant are the problems of when,
where.. and at what cost the desired quantities of isotf"opes oan

d ~be obta6ined. Present indications are that the AEC could produce
sufffidient qu~antitles ofP each of the Isotopes conside-red he~re,

If te mssin isimprtat enough to obtaiLn project funding, and
if 8uff'iclent lead ltime Is allowed to provide the needed facili-
4 ties.

Cobntainmtent -of' isotopes, for use at 1200-13Q00oC in a vacaum.
-f or space env'ironment., it at hand,, and rugged functional and eflf I-
eient Junctions between the Isotopeý-container and the ther-mo-

*c~.electrid ge-nerator components car, be developed.

g.Probability of' Success On the above bases, it is

for producing C1242 (or p20-heated generat-ors of 25-1.00 ivvatts (e)

capable of' friom 140 ibs./KW14M performance during the 1965-1L970
Per-Iod.
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3. SThen-oeleetric Systems

a. irt:'cdu,.:t1 or, r; ,auc of budget restrictions, this
"Lnvestigatlon was to eatImating the performance of a
ty :<'~ a zQUor'-.1.Cnt£at~ng, .h-. gh-temperature, thermoelectric gen-
erator ,m.oduIe: in ,pace powe:' systems, operating in a 130-mle
terrestr-ial orbit at a solar flux of 135 watts/ft. 2 .

Considera tlonO of various solar-concentrator type space power,
syst3'1_ems (Rief. L, :.I), showed that:

. ,oi ie:tov.m of h1gh (preferably >0.7) calorimetric
cffilency and concentration ratios are needed to
provide hot-Junction temperatures of 1200UC in a
nea:-earth orbit.

2. Only expensive one-piece, highly accurate, concentrating
s1Irrors are likely to provide the necessary calorimetric
cfficlency.

3. Precise mirror-orienting mechanisms are required to
keep the collector accurately aimed at the sun If
constant 12000 C temperatures are to be maintained.

4. Tile maximum diameter of one-piece collectors capable
of the high calorimetric efficiency and concentration
ratios required is not likely to exceed 9 ft. This
also appears to be about the maximum mirror diameter
to permit stowability in launch vehicles to about
1970.

5. There Is no reliable information on the life or'
performance of thermal storage systems that would
work at temperatures to 1200 C.

6. The unit weights of advanced (1965-1970) one-piece
collectors with appropriate deployment and oripntation
hardware were estimated to be about 0.5 lb./ft.-

aConceptual Design With regard to the perforivance of
a thermoelectric generator to utilize the thermal energy from a
solar collector, It was assumed that a 250-watt(e) unit of the
design showa in Figure 75, capable of 14% thermal efficiency and
100 lbs./KW(e), could be available in the 1965-1970 period.
Such a generator, shown without a thermal storage component, would
consist of stacked rings of concentric layers cf thermoelectric,
contact, and vadiator materials fabricated by plasma-spray or

.hot-pressed techniques. The conceptual designs presented in
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i

Figures 75 and 76 show only the plasma-sprayed type of
thPrmnP1Pm~nt whiph we antinicate beina available by 1970.

The central black body cavity of the generator of Figure 75
would consist of graphite. The ends of the generator would be
produced from p- and n-type layers, also produced by plasma-
spraying. As shown in the enlarged cross-section view "A", the
stacked rings of thermoelements would be alternately p- and n-
type, joined at their outer edges by a copper radiator and at
their hot ends by graphite. The surface of the radiators would
be treated with a highly emissive coating for maximum heat re-
jection. Each concentric-layered thermoelement ring or disc
offers, in effect, many parallel thermal and electrical connection
between its hot and cold ends with each two-segment p-type thermo-
element ring joined in series to an adjacent n-type ring.

Current and voltage characteristics of this type of generator
could be maodlied by slicing each disc to ..... $.% Ar th"c
thermoelement discs. Thin discs would yield thermoelements with
higher length/area ratios, higher temperature drops across each
ring, and higher voltage, with reduced Joule heating losses
compared to thick discs. Accordingly, such a generator concept
could be used to provide a large variety of power characteristics.

The thermoelectric generator concept of Figure 75 is shown
in combination with a 9-ft. diameter high-quality collector in
Figure 76. This c~llector-generator module, similar to designs
proposed by others ,Ref. 22), is equipped with a semicircular yoke
which permits the collector to pivot toward tLe sun once the
launch vehicle is in orbit and the stowed modules are deployed.

c. Performance Characteristics A brief examination was
made of the possibiliLty of using either heat-of-fusion or vapor-
phase types of thermal storage components to provide energy during
a dark orbit period of 35 minutes. It was found that for a
250-watt(e) generator, as shown in Figure 75, operated at a Th
of 1200CC, the available thermal storage cavity (23 inches long
by 2.5-inches diameter) is not large enough to haidle the volume
of thermal storage materials that would be required.

As an alternative, silver-cadmium bat.eries rated at about
400 watt-min./lb. (1965-1970 technology) for 50% discharge depths
were assumed as the source of energy during the dark orbiting
period. A 10% additional energy allowance was assumed for these
batteries.

No power conditioning equipment was assu;,.ýd, since it is
possible to produce directly about 100 volts with a 250 watt(e)
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Module Comoonent Weiaht/Module. lbs

a,14L.4AW £ V. & 1.,L I %AA Gpj'J.1JJ mh~ I ant an d
orientation hardware 35.2

Batteries 23.5

Thermoelectric generator

Total Weight 83.7 lbs

The specific performance of a 250 watt(e) mirror-generator
module based on the above weight Is 335 lb/KW(e). Based on an
estimated volume of 60 t 3 ,/module (complete with battery storage),
the specific volumetric performance for this type of system would
be 240 ft3/KW(e). Assuming a length/diameter ratio of 2:1, for
stowage chambers required to house such solar-concentrating
thermoelectric power systems during launch, the following relation
exists between stowage chamberi diameters and pbwer outpuit:

Weight of System,
System Power Stowage Chamber Without Stowage
Output, KW(e) Diameter, ft. Chamber, lbs

1 5.4 335
3 7.7 1,000
o10 11.6 3,350

20 14.6 6,700
30 16.6 10,000

350 37.6 117, 000

As indicated by the above performance numbers, it is notanticipated that the stowed volume per module or the lb/KW(e)

performance will decrease with increasing output levels for solar-
concentrating thermoelectric space power systems. For this reason
there is nothing to be gained in system per-formance by increasing
the power level. As indicated above, large vehicles would be
requiired to launch power systems of more than a few KW(e) output.

d. Problem Areas Mirror fabrication techniques appear
to have progressed to the point where one-piece parabolic units
up to 9 ft in diameter, capable of 0.73% thermal efficiency, could
be produced. However, the situation is not as good with respect
to deployment and orientation mechanisms capable of properly and
reliably manipulating more than one or two of the proposed modules
in a space environment. It is our opinion that considerable
effort will be required to develop deployment-orientation hardware
that will be suitable for attainment and maintenance of the needed
120 0 0C hot-Junction temperatures in a space environment for the
thermoelectric component.
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Battery tecMhnology appears adequate for providing the energy
storage needs involved in near-earth orbits anl- for a•'b Ic e
L time periods. However, problems will have to be solved in inte-
grating electrical characteristics of the thermoelectric generator
with those for the batteries and the duty cycles Imposed by
missions. It may be advisable 'o use power conditioning equip-
ment, which will further increase the lb/KW(e) ratic and lower
the performance of the system.

With regard to the thermoelectric generator, it is likely
that hot-pressed rather than plasma-sprayed thermoelements would
be available by 1964-1965. While it is anticipated that the
thermoelectric properties of' individual thermoelectric materials
used in this investigation will be available by 1964-65, there

d are difficult problems to be solved in producing high-performance,
short, segmented thermoelements of less than 1/4-:nch diameter.

on Solutions for each of the above problem areas are technicallyfeasible.

e. Probability of Success On the premise that thie state
of the art on one-piece solar-concentrators is presently adequate,
and that hot-pressed thermcelements capable of 7.5-10 watts(e)/lb
performance will be available by 1964-1965, the probability of
success should be quite high (>95%) for producing a practical,
solar-concentrating, thermoelectric space ',ower module of the
predicted performance during the 1965-1970 period.
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IV. RECOMMENDATIONS

The key to improved performance (watts/lb. or watts/ft. 2 )
of all space power systems is heat source temperature. Since
advancement in performance must be paced by the availability of
the materials technology required for high-temperature operation,
our progress on thermoelectric elements during the past year,
coupled with the inherent reliability of thermoelectric systems,
now leads us to recommend further effort in the following
areas.

A. FUNDAMENTAL INVESTIGATIONS

It is recommended that attempts be made to identify important
solid-state components found in the MCC thermoelectric materials
after their fabrication at high temperatures. Attainment of
this difficult goal could appreciably extend the state of the art
of high-temperature thermoelectric materials and lead to the
establishment of meaningful physical models of these unique
materials.

B. FABRICATION TECHNIQUES

It is recommended that additional effort be directed to
developing further improvements in methods for measuring R, S,
k, and p to 1200°C. ProducLion of improved thermoelemento by
means of hot-pressing, isostatic hot-pressing and arc-plasma
spraying techniques should be investigated. Additionally,
efforts should be made to improve the reproducibility of thermo-
elements to be used in thermoelectric generators.

C. MATERIAL CHARACTERISTICS

Sinr:e the pe, formance of thermoelectric generators is
highly dependent upon the thermal conductivity of the thermo-
electri- materials, it is recommzended that further attempts be
made to measure this property up to 1200'C in a vacuum.
Additlonally, Lmportant mechanical properties such as the
elastic modulus, modulus rigidity, compressive and impact
strengths, expansion coefficients, and density should be
m~easured to permit more meaningful mechanical system designs.
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D. COMPONENT RESEARCH

It is recommended that studies be made to consider maximum
utilization of available thermal flux area, radiator fin

of effectiveness, element electrical interconnections, and therma2ýion, shunt losses of high-temperature thermoelectric generators.
Additionally, it would be helpful to determine the effect of

radiation on the performance of the four MCC materials being
investigated.

E. LABORATORY MODEL

Since meaningful design and operating data can be more

)rtant economically obtained Lsing 5-10 watt generators, rather than
25-100 watt units, it is recommended that future evaluaticn of
thermoelectric elements, modules and designs be confined to

Sart small generators. Vibration, shock, and acceleration tests on
representative generators, or generator sections, should be made.
Differences In the cost of large vs. small generators should be
applied to laboratory studies of various types of thermal insula-
tion needed to min-imize thermal shunt losses in space power units.

F. RADIOISOTOPE SYSTEM CONCEPTS

Radioisotope subsystem concepts, with respect to probable
designs, characteristics, problem areas, and methods of problem
circumvention should be studied in greater detail, taking into

account the latest thermoelectric properties. Adc.itionally,

the performance of such systems should be made on the basis of
poec45.ed material properties and mission areas of in.terest to
the Air Force.

2e
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APPENDIX I

COMPUTER PROGRAMS FOR PARAMETER STUDIES OF NUCLEAR
REACTOR-THERMOELECTRIC SPACE POWER GENERATION SYSTEMS

Three programs were written to describe nuclear reactor-based
thermoelectric space power systems: 1) an out-of-pile system,
2) an in-pile system without coolant loop, and 3) an in-pile
system with coolant loop. The code names for these three compu-
ter programs are HORSE, TIGER, and SWIFT, respectively. In each
of the three cases, the objective was to mathematically descrioe
the important parameters in the system and evaluate the total
weight, system volume, and fuel cost for a given set of para-
meters. The main components in each system were the reactor, the
reactor shielding, the radiator-generator, and the structural
weight.

I. PROGRAM HORSE (High-Temperature, Out-of-Pile, Reactor-
Powered SysCem for Generation of Electricity

Program HORSE was written to describe an out-of-pile thermoelec-
tric space power system which utilizes a fast nuclear reactor as
its heat source. Coolant circulating through the reactor core
carries heat to the thermoelectric elements located between the
reactor shield and the payload. The ther-4oelectriC elements are
cooled by radiation from radiators attached to their cold ends.
Location of the elements away from the reactcr prevents them fromdirectly affecting the reactor design, but it does introduce the
need for a heat transfer loop.

Program HORSE consists of the following parts:

1. Executive Routine
2. Subroutine 1--heat transfer in reactor core
3. Subroutine 2--for sizing nuclear reactor core
4. Subroutine 3--reactor shielding calculatlors
5. Subroutine 14---generator calculation
•. Slbroutine 5--input data
7. Subroutine 6--thermoelectric element
8. Subroutine Exit
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j her -ubitoutiries are discussed as they enter into the program.

Executive Routine Few calculations are carried out in
he Executive ..outine. Its main function is to control the logIc

flow of the program. The statements describing what output is tobe printed and the form in which it is to be p-rintled are also

located in the Executive Routine.

Subroutine 6 The first subroutine called by the Execu-
tive Routine is Subroutine 6, which controls the readtn
the thermoelectric element data onto a scratch tape. This data
was calculated via another computer program and the results
punched onto cards for use as input data to program HORSE. Thefollowing data is given for element-s of various diameters: tfle
computer run number, the thermal efficiency, the power per

couple, the radiator area required per couple, the watts per
pound, the element length, and the radiator temperature. This
data is read into the computer and stored untl', actually needed
in the calculations. T.he number of cards read in at this time
may number in the hundreds. Subroutine Exit erases and rewinds
this tape after the data has been used.

Subroutine 5 After the thermoelectric element data has
been read in, the Executive Routine calls SubroutinE 5 to read
in the rest of the input data. The input data consists of the
following:

Fuel density
Fuel atomic weight
Fuel mcolecular weight
Critical mass
Cost per grar of fuel

oe Fission cross-section of fuel
e Absorption cross-sections of fuel

Thermal exDansion coefficient
Extrapolation distance
Reflector savings
Reflector thickness
Reflector density
Number of neutrons emitted oer fission
Noolecular weight of tubing material
Tube wall h ckes
Tube diameter
T.Dens-11ty o~f tubing, materilal
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Density of gamma shielding material
Density of neutron shielding material

Density of shield container material
Neutron cross-section of neutron and gamm.a absorbing material-
Gamma cross-sections of the neutron and gamma absorbing

materials
'I Neutron and gamma absorbing properties of fuel

Shield container thickness
Allowable neutron dosage to payload
Allowable gamma dosage to payload
Coolant density
Coolant thermal conductivity
Coolant specific heat
Coolant viscosity
Coolant molecular weight
Coolant absorption cross-section
Log mean temperature difference between coolant and reactor

core
Approximate core temperature
Temperature of the coolant leaving reactor
Reactor core height
Distance between payload and reactor core
Diameter or payload
Fluid velocity
Watt output desired from system
Length of time system is to operate
Run number.

After these numbers are read, the calculations are begun in Sub-
routine 1.

Subroutine 1 Using the assumed values of fluid velocity
and tube inside diameter, the weight rate of flow per tube is
calculated.

i WTFLOW = 1560 (CSATUB) (FLDVEL) (DNSCOL) Eq. 1

WTFLOW = weight rate of coolant flow, lbs/hr/tube
C OSATUB = inside cross sectional area of tube, in 2 .
FLD17-EL = fluid velocity, ft/'sec.
DNSCOL = coolant density, gms/cc

2
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Te next step is to calculate the heat transfer coefficient in-
side the core based upon the Seban-Shimazaki equation (Ref. 3).

• (THKCOL) (0TFL3W x SPTCL 0.8
HTTRCO = 12 (TUBEID) [ t 0.030 "TUBEID x THKC" T Eq. 2

alsfl

HTTRCO = heat transfer coefficient, Btu/hr/ft 2/0F
THKCOL = thermal conductivity of coolant, Btu/hr/ft/OF
TUBEID = inside diameter of coolant tube, inches
SPHTCL = specific heat of coolant, Btu/lb/ 0 F

The heat transfer per tube is then calculated using equation 3.

QPRTUB = (HTTRCO) (PRAPTB) (DELT) Eq. 3

QPRTUB = heat transferred per tube, Btu/hr/tube
PRAPTB = peripheral area inside tube, ft. 2

DELT = temperature difference between coolant
and tube wall, OF

DELT across the coolant film is initally assumed to be 3000F.

Next, the temperature increase of the coolant as it passed through
the core is calculated using equation '. This increase is

TEMPDR = QPRTUB/(WTFLOW x SPHTCL) Eq. 4

TEMPDR = temperature rise, OF

assumed to be equal to the temperature drop as the coolant passes
through the generator. All of this heat is assumed to pass
through either the elements or the insulation surrounding them.
If TEMPDR exceeds 1001F, DELT is lowered and QPRTUB and TEMPDR
are recalculated until TEMPDR is equal to or less than 1000F.

The total electrical output required is calculated next in equa-

tion 5.

TWATTE = WATTSE + WATTEC + WATTEP Eq. 5

TWATTE = total power generated by system, watts
WATTSE = electrical output of system, watts
WATTEC = electrical power needed for reactor control,

watts
WATTEP = electrical power needed to run pump, watts
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I Initially, the pump Dower is assumed to be zero:

Next, the total reactor heat load is calculated in equation 6.

TOHTLD a 100 (TWATTE)/EFFGEN Eq. 6

TOHTLD = total heat load, watts
EFFGEN = generator efficiency, percent

The number of coolant tubes required inside the reactor core is
calculated from equation 7. Since the number of tubes used

NUMTUB = 3.413 (TOHTLD/QPRTUB) Eq. 7

NUMTUB = number of tubes, dimensionless

must be an integer, NUI4TUB is rounded off to the next highest
integer.

The next major step is to calculate the actual amount of pump
power required. To do this, the friction factor for the coolant
tubes is first calculated using equation 8.

FFACT = 0.00140 + 0.125 2)(TUEL) (LCSATUB) 0.32 Eq. 8I1)TUED (WTFLOW)
FFACT = friction factor, dimensionless
VISCOL a coolant viscosity, centipoise

The pressure drop across the reactor core is calculated using
equation 9.

4'275 x 10-6 (FFACT)(HEIGHT + 15) (WTFLOW) 2

PDROP = (6.0) 32.17 (TUBEID) (CSATUB) 2  (DNSCOL) Eq.

PDROP pressure drop across reactor core, psi
HEIGHT = reactor core height, cm
DNSCOL = Coolant density, gm/cc

A distance of 15 cm was added to the core height in order to allow
for tubing connections to the core. The calculated pressure drop
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was mult.l..... e bY6 to allQw for pressure drcp. through the rest
of the coolant system. The pump power requirie.ient was then caiou-
lated using equation 10.

WATTE .= 1.356 (PDROP) (SATUB-) (FLDVEL) (NUMTUE)/E FFPMP Ea. 10

EFFPMP = pump efficiency, fraction

The pump efficiency used In the initial calculation was 0.40, as-
suming the use of a DC electromagnetic pump. These pumps are
noted for their simplicity of construction., minimum insulation
problems, and achievement of long periods of operation at high
((14720F) temperature (Ref. 2). The total electrical power gener-
ated is then recalculated using eauation 5 and compared with the
iamount previously calculated. The program recycles through equa-
rtions 5 through 10 until successive values of TWATTE agree within,one percent.

Subroutine 2 The purpose of this subrou~ine is to size
:the cylindrical reactor core of HORSE. The first step is to a;ke
fthe spherical critical mass of the fuel and modify it for the
effects of thermal expansion (Ea. II) and con't-rol allowances
'(Eq. 12).

8
DNSFS2 = DNSFS1 / [1 + ALPHA (PCOR 7. E.

DNSFS1 = density of fissionable atoms at room
temperature, gm/cc

DNSFS2 = density of fissionable atoms at oper-
ALH .ting temperature, gm/cc
ALPHA = volumetric tberr!i expansion coefficient

for fuel, cc/cc0 F
TCORE = temperature of reactor core, OF

Eq. 9

DNSFS3 = DNSFS2 (!-ALLOW) Eq. 12

DNSFS3 = density of f~ssionable atoms with tempera-
ture and control allowances, gm/cc

ALLOW = control allowance, dimensionless
w The control allowance was assumed to be equivalent to a p ercent,

decrease in fuel density.
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The next major step is to calculate the effect of coolant tube
diL~o;ur ~ure 11:55ionabie atom density. h oueo h

spherical critical mass undiluted for effects of thermal expan-
sion or control allowance is calculated using equation 13.

VOLSPH = CTMASS/DNSFUL Eq. 13

"VOLSPH = volume of the undiluted mass, cc
"CTMASS = critical mass of fuel, grams
DNSFUL = density of the fuel at room temperature,

grams/cc

The relationship between critical masses and densities of fission-
abel atoms is shown in equation 14 where it is indicated that the
critical mass is inversely proportional to tne density of the
fissionable atoms squared.

CMASS2 (DNSFJL \

CMASS 1

1 L

CMASS 1 2 = critical masses of fissionable atoms, gms

DNSFL = densities of fissionable atoms, gm/cc

Since mass is equal to volume x density, equation 14 can be M.c.di-
fied to equation 15 where the quantities V61DIL minus TUBVOT and
VOLDIL are proportional to the fissionable atom densities.
S,'VOLDIL-.TUBVOL 3

SVOLDIL = VOLSPH O 5 VVOLDILOL Eq. 15

VOLDIL = diluted critical volume, cm3

TUBVOL = volume of tube, cm 3

The volume of the tubing is calculated using equation 16.

TUBVOL = D (HEIGHT) (NUMTUB)I Eq. b6

TUBDIA = tube diameter, cm
HEIGHT = core height, cm
NUMTUB = number of tubes in core, dimensionless
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eIeic t o.r Refiector Savings, crms
Thickness,

cms PuC U.3_3C U_5C

0 0 0 0
2 1.2 1.4 1.8
5 2.1 2.4 3.0

10 2.7 3.3 4.5

The next step is to calculate the radius of the cylindrical reac-
tor core using equations 21 and 22.I

BG  BM 2 BUCSPH Eq. 21

BG2 ( 2.405 \2 + 7SCYLRAD + DELEXT + DELSAV,/ + 2 DELEXT + 2 D

Eq. 22

BM2= material buckling, cm 2

BG = geometrical buckling, cm

CYLRAD = radius of cylindrical reactor core, cm

The volume of fuel material is calculated from equation 23.

2FULVOL = w (CYLRAD) (HEIGHT) - TUBVOL Eq. 23

FULVOL = volume of the fuel, cc

The weight of the fissionable atoms is Then calculated from equa-
tion 24, and the weight of the fuel is calculated by equation 25.

SWTFISS = (FISVOL) (DNSFS3) Eq. 24

WTF.SS = weight of fissionable atoms, gms

WdTFUEL = WTFISS (FMOLWT/FATMWT) Eq. 25

jWTFUEL = weight of fuel, grams
FMOLWT = molecular weight of fuel
FATMWT - atomic weight of fissionable atoms
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j Reactor core weight. including rpfl(%tonr weight
from equation 26.

WTC0RE = WTFUEL + [ i (CYLRAD + REFTHK) 2 * (HEIGHT +
2*REFTHK) - (FISVOL + TUBVOL (HEIGHT + 2 REFTHK)/
HEIGHT)] REFDNS Eq. 26

REFTHK = reflector thickness, cm

REiDNS = density of reflector material, gms/cc
WTCORE = gross weight of core, grams

WTCORE is converted to pounds; 100 pounds is added as allowance
for reactor controls.

2 DELSAin Subroutine 3 Having calculated the coolant tubes needed
."Min the reactor core, the amount of shielding is next calculated.

'Payload was assumed to be an instrument oayload with transistors
able to withstand radiation levels of 10t Rad carbon of gamma

"radiation and 10 neutrons/sq cm over their lifetime. Payload
:has a 3-ft. diameter and is located 15 plus feet from the nearest
point of the reactor core. Attenuation of gamma radiation occurs
,by the inverse square law with distance and by absorption. Ab-
sorption within -ne core and materials between payload and core

.was usually enough to absorb almost all gamma radiation, so that
"ithe gamma shielding usually was nct heavy. In contradistinction,
•neutron shielding was heavy, where lithium hydride encased in
,'stainless steel containers 0.109 Inches thick was used. Wheýn
igamma shielding was needed, depleted uranium was used.

The first step in calculating shielding requirements is to calcu-
*-late the numbers of atoms of various types present in the reactor
'core in atoms/cc. Volume of the fissionable part of the core is
calculated by equation 27.

CORVOL = i, (CYLRAD) 2 (HEIGHT) Eq. 27

CORVOL = volume of reactor core, cm 3

The atoms/cc of fissionable material are then calculated from
equation 28.
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APCCFS = WTPISS x 6.02 x 10 2 3 /(FATMWT x CORVOL) Eq. 28

APCCFS a atoms of fissionable materials per cc

The volume of tubing material in the core is calculated from
equation 29.

VTUBWL u w/4 (TUBEOD 2 - TUBEID 2 ) (HEIGHT) (NUMTUB) Eq. 29

VTUBWL - volume of tubing atoms, cm3

The average number of tubing atoms/cc of core volume is calculated
from equation 30.

APCCTB - VTUBWL x DNSTUB x 6.02 x 10 2 3/(TMOLWT x CORVOL) Eq. 30

APCCTB - atoms of tubing material, cc
TMOLWT = molecular weight of tubing
DNSTUB - density of tubing material, gm/cc

For the initial calculations on HORSE, molybdenum tubing with a
specific gravity of 10.2 grams/cc and a molecular weight of 95.95
was assumed.
Next, the volume of coolant in the core is calculated from
equation 31.

VOLCOL w ,/4 (TUBEID) 2 (HEIGHT) (NUMTUB) Eq. 31

VOLCOL - volume of coolant, cm3

The atoms of coolant per cu cm of the reactor core are calcu-
lated from equation 32.

APCCCL = VOLCOL x DNSCOL x 6.02 x 102 3 /(CMOLWT x CORVOL) Eq. 32

APCCCL - atoms of coolant per cc of core volume
DNSCOL = density of coolant, grams/cc
CMOLWT - coolant molecular weight

In the initial calculations liquid lithium was used as the coolant.

Next, the macroscopic neutron capture cross-sections were calcu-
lated for the fuel, coolant, and the tubing material using
equation 33.
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*~` 28 11,A? F AFCS x CES Ea.3

SGMAFS =maciroslcopic 1Lis slon cross-sectisn of

fissionab.-le at,!rs , c M
APC(CFS = fissionable atloms/cc.
F'CRS = -fission Cross-section, barn~s

*29
Next, the infinite multiplication factor fPor nieutr-ons was calcu-
lated from eauation .

lated x_ GIF
FINFT =(S9MAFSS + SG:.IAF1 + + SGI4A2 +&1ATC SGNMACC) /

Sq. 30 ~Fi NFvIT, = i n f _ nJI.:e - ul '-I l t I r- fa ct or, diJ.Mnens io n1.e s s
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SGMAI an !""AP = euron caoture cross-section of'

fe, ar~ifue anion, cm
SG'MATr = neutron caotur;,- cross-6e,:tion of tubing

.95 mtrao
SGM ACO = neutr.on Caotu~re crcss-sec1--*on :of coolant, cm

The average number of fi-S&ion neut.-ons ner fsonfor uranium 233
is equal to 2.065, for -ranium. 7- .5,fr = ':,~.98.
Since an average of .0neut-rons ýýer fission Is needed to cause

~q 3 1 ot"-h er a t-o ms T;o f ILSssi on a nd s u s:taiJn _,e cai- ecin the excess
neutrons which must be shielde,5 azain-S*t are calclate L ytkn
the number of fissions whichr Occ:..cr seeond. anJ .- u-1t.iplyina thi-As
by the infinite mutficto aCter -- ius_ as in euto 5

T'NUSEC = (FI-- - .. tSz' *Z'

E4q. T TN US 7C = total ne'itr1-os -.er sec to te- shici-ded against
FISSEC1 = -flsslcns c~

Sine 33 x10 issonssecare requzlrei I -drer to y'ie one

thermal watt, tLhe total runcer of :iscot-a~k,!n clace Der e-4
can be calculated: f.ro7n, e au a I',n

lant. =~~

TOHTIJD =tctal hea t Icw:



'he total number of neutrons given off during the mission life-

tine is calculated from equation 37.

TNUMIS = 3600 x TNUSEC x TIME Eq. 37

TNUMIS a total number of neutrons given off during
thne mission lifetime

TIME - mission lifetime, hours

The amount of neutron attenuation required for shielding is cal-

culated from equation 38.

ATTNEU = Ww (DISTCP) 2 (DOSEN)/TNUMIS Eq. 38

ATTNEU - required neutron attenuation
DISTCP = distance between core and instrument payload, cm
DOSEN = allowable total number of neutrons per

cm2 which the payload can tolerate over its
lifetime

Neutrcn cross-sections used in the above calculations were read
at 3 MEV. The gamma rays emitted were also assumed to all be at
3 MEV. An average of 5.67 of these gamma rays was assumed to be
emitted per fission. See equation 39.

TGMSEC - 5.67 x FISSEC Eq. 39

TGMSEC = total gamma rays emitted per second

The total amount of gamma rays emitted per mission is calculated
using equation 40.

TGAMIS - 3600 x TGMSEC x TIME Eq. 40

TGAMIS * total number of gamma rays emitted per mission

The necessary gamma attenuation is then calculated from equation
41.

ATTGAM = 4 (DISTCP) 2 (2.08 x 107 DOSEG)/TOAMIS Eq. 41

ATTGAM - required gamma attenuation
DOSEG = allowable gamma ray dose at payload,

Rad carbon
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Next, the thickness of gamma shielding eater ar. is calculated
using equation 42,.

37 TSHLDG = 1SL IH ATT( I4) -TCSLTne A TTME U

1ONTHK x I./ Lj G ICCSNIJTHr- GCSX.-iH x CSNSNS +

CSLI ~G'SUL~ DNSFS3 PFTSVOLCSNLIH x GDCSFU NSFSi X Pic\T•.. a + -bsvaru X
HE 2 (GMS-!H x CSNDPU - GCSDPU X CSxLIH)

Eq. -12

38 TSHLDG = gamma shield thi*:kness, cm
CSNLIII = neutron removal cross-section for lithium

i, cm hydride, cm
CONTHK = container thickness, cm
GCRSSS = gamma removal cross-section fo- staInless

steel contaner, cm
CSNSS = neutiýon removal cr:.ss-section for con-

tai:ne., c
GCSLIH = gamma removal cross-sectIon for lithium

hydride, Cm

39 Next, the neutron shield thickness is ca1culated from equation 43.

TSHLDN = - (in. ATTNEU + CSNDPU x TSHLDG + CSNSS x CONTHK)

CSNLIH Eq. 43

TSHLDN = thickness of n'eutron shieldir:g material, cm
140 Having established the thicknesses of the neutron and gamma shield-

Lon Ing i terials, the next step is to establish their diameters. The
L-,uations below assume that the reactor core diameter is smaller

•n than the payload diameter, that the gamma shielding material is
adjacent to the core. and that the neutron shielding material is
betwveen the gamnma shielding material and the payload.

141 An extrapclatiorn distarnce is calculated to aid in sizing the dia-
meters of the shadow shields. See eauation1 41'.



EXDIST 2 x CYLRAD (HEIGHT + DISTCP)
(PAYDIA - 2 CYLRAD) Eq. 44

EXDIST = extrapolation distance, cm
PAYDIA - payload diameter, cm

The diameter of the gamma shadow shield adjacent to the reactor
core (DSHLDl) is found from equation 45.

DSHLDI - 2(CYLRAD) (EXDIST + HEIGHT)/EXDIST Eq. 45

The other diameter of the frustrum of the cone forming the gamma
shadow shield (DSHLD2) is found from equation 46.

DSHLD2 = 2 (CYLRAD) (EXDIST + HEIGHT + TSHLDG) M EXDIST

Eq. 46

The smaller diameter of the neutron shadow shield is assumed
equal to the larger diameter of the gamma shadow shield. The
larger diameter of the neutron gamma shield (DSHLD3) has been
calculated from equation 47.

DSHLD3 - 2(CYLRAD) (EXDIST + HEIGHT + TSHLDG + PSHLDN) *
EXDIST Eq. 47

The weight of the gamma shadow shield is then calculated from
equatior 4•8.

WTGMSD = 1/12 (DNSHDG) [(DSHLD2) 2 (EXDIST + HEIGHT +

TSHLDG) - (DSHLDI) 2 (EXDIST + HEIGHT)] Eq. 48

The weight of the neutron shadow snield is calculated from
equation 49.

WTNTSD - w/12 (DNISHDN) [(DSHLD3) 2 (EXDIST + HEIGHT +

TSHLDG + TSHLDN) - (DSHLD2)2 (EXDIST + HEIGHTSTSHLDG)] Eq. 49

WTNTSD - point of neutron shield, gms
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:q. 44 The weight of the neutron snield material container has been
calculated from equation 50.

WTSHCR 7,' 4 (DNSCON) (CONTHK) (DSHLD2)2 + DSHLD3)

2(%DSHLD42 + DSHLD3') x [ TSHLDN) 2 +
DSHLD3 - DSHLD2) 2] 0.50 E. 5tor 2E.5

q. 4 WTSHCR = weight of shield container material, gins

amma
Subroutine 4: -Generator Calculations The total radia-

tor area required for the thermoeltric elements iz calculated

ST from equation 51.

q. 46 TOTSFA = TWATTE x RAPcPL/PWRCPL 51

TOTSFA = total surface area, cm 2

e TWATTE = total watts output 2RAPCPL = radiator area per couple, cm
IPWRCP = power per couple, •qatts

z The total generator length necessary to provide this area has
q. 47 been calculated from equation 52.

____2_x__________ (PAYDTA 2- 1/12
TGLGT [ (2 xJ.SA) -- DSHLD3) 2 ]

TDIAPAY + DSHLD3) 2

6. 48 Eq. 52

The generator weight is then calculated from equation 53.

GENWT = TWATTE/WATPLB Eq. 53

GENWT = generator w•ight, oounds
TWATTE total watts requlred

49 WATPLB = watts per pound

if the generator length required, TGNLGT, is grea"-. than the
15 feet minus the shielding thicknesses w•-ich are allowed, then
this allowance must be increased. This i$ done in the Executive
Routine, and the calculations in Subroutines 3 and 4 are then
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* u an a af

Finally, the Executive Routine prints out the answers which have
Sbeen caPculated.

The average running time is 1.8 seconds per case.
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electric ee,.ents r... - a.- enhe en n n a t t fl -6 zne
reacto-,r. - 2"cet. - xvv. ci:c -2'"" airce r fiuid cos
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Routine TIGER consists c ' . . -. - -.

i. Executive RB+• t4ie
2. Subroa-ine 1 - g e n ert" n-: r•-r ;a
3q Subroutine - s h!e -d In
4. Subroutine 3 - ne.1s L -.

5o Subroutine uJ - data :nu
6- Subroutine 6 - eh ... :r. r e; I.. "'rm.t

7 Subrcuýine Exit
8. Function J (x
9. Function il'x

10, Function Y (x
Il. 7un .ionil

"Executive R-utine The Executive 7oute -s te r,• rut nes

in proper order and specifieJ wh Jaaa is . be pr .. d t :. d
also controis the logic flow cf the rr2gram,

Subroutine 6 Subroutine ,the first subroutine ca"ed by :he
Executive Routine, directs the compazer : read iata 2ards than.
describe the thermoelectric eierments "<: -e used In the sucsequenr
calculations. The o a On eac.. carA ]s aso

Run number
Iherma] eflficiency, percent
Power ob'talned- Der o~uo. e, wa:!t
Radiator area required per coup•e, C,

Watts obtained per lb
Element length, cm
Radiator temperature, .K

This Information is genera:ed and punched irto cards ty ant her
program. The in-ormai.•.n is stored on a scr... :aoe ...... • e

calculation. Subroutine Exit C1"-ars the scra-nn e-n"-• :""



4a

iubroutine 14 _.e next subrouzt•ne called is Subroutine 4
which controls the data input fcr TIGER. The following reactor
and systems parameters are read in Subroutine 4.

D Distance between DayIa! a n reactor core, ft
Payload diameter, ft
Density of the fuel, gm/cc
Atomic weight ,,f fuel
Molecular weight of fuel-
Thermal expansion ccefficent, c"/cc'C
Approx1:;.ate core temperature, 0C
Control allowance, dimensionless
Spherical critical mass of fuel, gins
Extranc.ation distance, cm

Reflector savin.gs, c
System electrical output, watts
Power needed to control ,he reactor, watts
Fuel costs in dollars/gram
Fuel fission cross-section, barns
Fuel absorption cross-sections for neutrons, barns
Density of gamima shielding materiala gm/cc
Neutron emitted per fission, dimensionless
Mission length, hours
Allowable neutron dose tc payload, neutrons/cm2
Allowable gamma ray dose to payload, Rad carbon
Neutron and gaml-a ray absorption coefficient for neutron

absorbing material, cnm-
Neutron shielding m.aterial container thickness, in
Neutron and gamma absorption coefficients of neutron container

material, cm-
Gaima absorption coefficient of fuel, cm-a
Neutron and gamma absorption coefficIents for gamma ray

absorption material, cm. 1

DensIty of container for neutron absorbing material, gm/cc
r-.Žnsity of neutron absorbing material, gm/cc
Core height, ft
Run n-m-t ?r.

ThIs subrourine selects the first set of reactor and system para-meters , clculates th�e 2ystem properties for each of the ther.-'

electric daa cards, and then selects the next set of reactor ana
system properties.
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"If the available radiator area (RADARA) is equal or greater
:a tie required surface area (RADSFA), this core sizing is

us~ed. If not, then it is assumed that an annular-shaped,
,y.indrical reactor core will be used in order to increase the
available surface area. The outer radius of the core is cal-
c-.lated by using the assumed core height in equation 5.

0 1 2RADSFA

OUTRAD = 2 - (HEIGTIT) - ELLGTH Eq.

"The basic equation3 used to calculate the dimensions of annular
reaCor cores were taken from the report by Schuske and Bidinger
.•ef. 1) and are listed 0.eow as equations 6 and 7.

+ C Y (BRO) 0 Eq.

J (Bfj) + C YW(BR 2 ) = 0 Eq.

R2 = inner radius of core, cm

R, = outer radius of core including extrapolation
distance plus reflector savings, cm

S= square root of the material buckling, cm-n

C = a constant

J = Bessel function of first kind, zero order
(BESZRO)

T = Bessel function of first kind, first order
(BESI)

Y = riessel function of second kind, zero order
(YZERO)

Y, = Bessel function of second kind, first order
(YONE)

a and 7 were derived by assuming the neutron flux
e:,uaal to zero at the extrapolated outer radius, and the neutron
current equal to zero at the inner radius.
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h*, o•'-s u.r :un ri. .':re cO IcGwlated as separate funct1ons in
ths .... "ram. The euuations for the four Bessei functions use.,

aL~ re bey al-" c~uuat`-!;ns 8~-11.

J(x': - i ~- x + x+ .Eq• 8

x F [ - + ++ Eq. 9
.,( (2 ) ("8)( 92)

X2 X 4 X6 Eq 1

S"x=J (+x) .n_+_ . . . .+ q. ]u
2 0 (22) (2 2 )(h) 4 (22)(42)(62)

where ii,, 1 + 1/2 + 1/3 + ...... k

(-1)k Wx2k+1 Eq. 11
Y~~x'~ = -[J0_. (2)2~ , ! -| Eq. i

[ - (k+l) + ;pl(k) ]

S.,here • (k) = ;).57722 + 1 + 2./2 + 1/3 ..... +

Using the material buckling and the calculated reactor outer
r.adlus in equation 6, the constant C is calculated, and then the
reactor buckling and C are used in equation 7 to solve for the
inner core radius. Once the inner radius, outer radius, and
height of the core are known, the weight of the fuel can be Pal-
culated using equation 12.

FUJELWTr = ,,,;,, D2

.,TRAD, - COREIR 2 ) (HEIGHT) DNSFS3) Eq. ]J:

.JUTRAD = the cuter radius of the core, cm
"COREIR = core Inner radius, cm
F J.ELWT weight o0 fissionable atoms, gins

The weight of' the reaut,crr Cnre is calculated fror equation 13.
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COREWT - FUELWT (FMOLWT/FATMWT) Eq.

COREWT - weight of core, gms

The fuel cost is calculated from equation 14.

FULCST a (FUELWT) (CSTGM) Eq.

FULCST - cost of fuel, dollars
CSTPGM - cost of fuel, $ per gram

Finally, the weight of the radiator and of the generator elements
is calculated with equation 15.

WTRDGN = TWATTE/WATPLB Eq.

WT RDGN a weight of radiator and generator, lbs
WATPLB u specific power of radiator-generator,

watts/lb

Subroutine 2 Shielding Calculations Subroutine 2 is very
similar to the shielding subroutine in HORSE. The equations
are virtually identical with the exception that the allowance
for self-shielding of the core from the gamma rays generated
within it is only equal to the core height divided by four,
rather than the core height divided by two for cases where the
reactor has an internal annulus.

Subroutine 3 Miscellaneous Calculations In Subroutine 3
miscellaneous calculations are done; the core weight is con-
verted to pounds, and the weight of the reactor is specified
by adding 100 lbs miscellaneous equipm:ent. See equation 16.

WTREAC - COREWT + 100 Eq.

WTREAC - weight of reactor:, pounds
COREWT - weight of reactor core, pounds

The weight of the structure is found from equation 17.

WTSTRT - 0.10 (DISTCP) (WTREAC + WTRDGN + WTSHLD) Ea.
15

WTSTRT - weight of structure, pounds
DISTCP - distance between reactor core and paylodft
WTSHLD = total weight of shielding, pounds
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The overall system performance in pounrs/'KW is calculated in

equation lb.

PDSPKW = 1000 (WTHEAC + WTSHLD + WTSTRT + WT47DGN/WATOUT Eq. IF

PDSPKW = system performance, pounds/KW

The following information is printed out on a summary sheet
for each run:

i Run numbers for the system properties and for the thermo-
electric properties

Watts!/b for the system
Watt output of the system
Core height, cm
Core diameter, cm
Thermoelectric element length, cm
Distance between core and payload, cm
' ore weight, pounds
System performance, pounds/KW
Tota" shield weight, pounds
E-fficencyiy of thermoelectric elements, percent
Fuel weight, gms
Fuel cost, dollars
Reactor weight, pounds
Ccld-J'unctli temperature of radiator, OK

.The followirg informatlon calculated in SubroutIne 1 is printed

Run numbers
Fuel density - cold
Fuel density after thermal expansion
Fuel density after thermal expansion and with control allowance
ýritlcal mass of the sphere with these allowances, gm
Critical radius oc' spherical mass, cm
Euckling for sphere, c.
* Co.ntribution of height of cylinder to buckling, cr-2

Cy 1.nder radius, e;
Jc;r-:, outside diameter, cm
Radiator diameter, cm
Available radiator area on solid core, cm 2

'otal electrical output of system, watts
Required surface area, cmn2

Luckling of cyl,'c, . c,,ore In radial direction, cm'



Core inner radius, cm
Quantities BR1 , BR2 , from the solution of the Bessel equations
Core weight, gms
Radiator-generator weight, lbs
Fuel weight, gms
Fuel cost, $

The information printed out from Subroutine 2 includes:

Number of atoms per cc of fuel inside the reactor core
Macroscopic cross-sections of the fuel for fission and

neutron absorption, barns
Infinite multiplication factor
Fissions per sound
Total neutrons emitted per second
Total neutrons emitted per mission
Required neutron attenuation
Gamma rays emitted per second
Total gamma rays emitted per mission
Necessary gamma ray attenuation
Thickness of gamma shielding, cm
Thickness of neutron shielding, cm
Extrapolation distance, cm
Shielding diameter at the core gamma shield interface, cm
2Shielding diameter at gamma neutron shield interface, cm
Shielding diameter at the rear of the neutron shield, cm

The information printed out from Subroutine 3 is as follows;

System performance, lbs/KW
Core weight
Weight of reactor, lbs
Weight of neutron shield, lbs
Weight of total shielding material, lbs
Weight of the neutron shielding container, lbs
Weight of the gamma shield, lbs
Weight of the structure, lbs
Watts per lb rating for system.

The average running time per case is slightly over two seconds each.

REFERENCES

1. Schuske, C. L., and Bidinger, G. H., "An Empirical Interpretation
of Annuli Critical Mass Data," Dow Chemical Co., RFP-149,
(Oct. 1959), pp. 25-26.



III VIF'T (.Lystenm for P~~rGenieratio'n 1W~th 1,-A- P iI

,ions Fluid-Coo ed Thern-lectrL-c i~E'mernts)

Routine SWIFT is3 an evai1ua'1Acr of a nuclear space powei Fystemn
Sin which t-he thermoelectric relemeri~3 are locat~ed on the outside

and in some cases on 'the ii-s~de of the reactor core, but; the
heat is removed from the elemen~ts via coolant, loop and trans-
pote -c radiator elements located elsewhere, The principal

components of thlz- system are tne reactor~ core, t~he the rno-
electric eisments the reactor sl e'dlng., the structure Vweiht

Z, and It",he weight of the radiator. Rouitlnxw SWIFT consistzs o f t'-.e
following:

1. E-_cutive Routine
e. Suoroutine 1 - generator and ciore calculac~ions
3. urout~ne 2 - sh 4 lding calculation

4.Subroutinre 3 -mi-scellaneous calcu'lat-ion
5. Subroutin-e 4 - i np/u t d at-a
6. Olubrcoutine DUMBO - external ear radiat-or fin

calculation
7. SubrolitIne 6 - thermroelectric input. data

8.Subrouti~ne Exit
9, Function j. (x)

10. Func-tIon J_. (x)
11 . Function Y1 (x)
12. Function Y, (x).

Execut-ive Routine 'The Executive Routine calls th.-e
ot~her subroutiner> in t-he proper sequence, controls the logic
flow, and dictates the printout of desired information.

Subroutine 6 The - f irst subroutine called, Subrouitine 6,
dic-tatles that t~he -data cards cont,,aining information on t~he
'tn.ermoelectriC, elements be read onto a scratch tape. The infor-
-nation read in consists of the follow4ng

Run numnoer
Generatocr effi. ci ency in. percent
"lower produced per ccuple i.n watts
Cross-seczional area of per csupie in sa cm
Watt's per 1b

eac-h. Element. length in cm
R a dia t~or t11emp,,eratu~re, 1K.

Subroutine E-xit era-ses the scratch tape after the calculations
are finls-hed-
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Subroutine 4 The next subroutine called is Subroutine 4,
which directs the input of data. The following data are read in:

Distance between reactor core and payload, ft
Diameter of payload, ft
Density of fuel, gm/cc
Fuel atomic weight
Fuel molecular weight
Volumetric thermal expansion coefficient of fuel, cc/cc 0 C
Approximate core temperature, OC

Control allowance
Critical mass for sphere of fuel, gm
Extrapolation distance, cm
Reflector savings, cm
Power needed to control the reactor, watts
Fuel cost, $ per gram
Fission and abscrpt*on cross-section of fuel, barns
Number of neutrons given off per average fission
Mission length, hrs
Allowable neutron dose to payload, neutrons/cm2

Allowable gamma ray dose to payload, Rad
Neutron and gamma absorption coefficients for neutron

shielding material, cm- 1

Thickness of neutron shielding container, inches
Neutron and gamma cross-sections of neutron shield

container, cm-1
Gamma cross-section of fuel, cm- 1

Neutron and gamma crcss-sections for gamma shielding
material, cm-i

SDensity of shield container material, gm/cc
Density of neutron shield material, gm/cc
Core height, ft
Run number
Electrical output of system, watts
Density of gamma shielding material, gm/cc
Ratio of core height to diameter.

Subroutine 1 Next, Subroutine 1 is called to size the
reactor core and generator. The core and generator for SWIFT
could have one of three configurations: 1) the elements could
all be on the exterior of a solid cylindrical core; 2) the
elements could all be on the exterior of an annular cylindrical
"core; 3) the elements could be mounted on both the exterior
and the interior of an annular cylindrical core. The procedure
followed in Subroutine 1 is to investigate the possibility of
placing all of the elements on the exterior of a solid cylindrical
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core. The equat1"n!7 used in doing this consist of the buckling
equation and the equaticns which modify the density of the fuel
materials for thermal volumetric expansion and for control
allowance, as given in Routine HORSE. The core height is
assumed and the radiator area available on its exterior is cal-
culated. The cross-sectional area allowed for elements is
equal to the cross-sectional area per element times 1.25 to
allow for close spacing. The required surface area Lo ccmputed
from equations 1 and 2.

TWATTE = WATOUT + WATCON + WATTEP Eq. 1

RADSFA = 1.25 (CSACPL) (TWATTE)/PWRCPL Eq. 2

TWATTE = total power produced, watts
WATOUT = electrical output from system, watts
WATCON = electric power to control reactor, watts
WATTEP = power required for pumping coolant through

system, watts
RADSFA = radiator surface area required, cm 2

CSACPL = cross-sectional areas/couple, cm 2

PWRCPL = electrical output/oouple, watts.

A constant factor of 100 watts was used fjr WATCON. WATTEP was
assumed to be 5% of the output from the system.

When the element area available on the exterirr of the solid
core exceeds that required, the core height is shortened by the
ratio of required surface area to actual surface area nnd the
calculations are repeated. If the required surface azrea
exceeds that available on the exterior of the solid core, then
an annular solution is tried.

The equations for annular reactor cores used are described in
Routine TIGER. If the radius of the annulus exceeds the
element length plus 0.6 centimeter (radius of a coolant tube),
then elements can be placed both on the exterior and the
interior of the reactor core. If the core inner radius is less
than this figure, then elements are placed only on the core
exterior. The fuel weight, core weight, fuel cost, and weight
of thermoelectric elements are calculated as in previous
routines.

Subroutine 2 The shielding equations used for SWIFT
are virtually identical with those used for Routine TIGER.
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Subroutine 3 Subroutine 3 calculates core weight,
reactor weight, weight of gamma shield, weight of neutron
shield, weight of shield c.nt-aner, total shield weight, and
weight of structure in pounds. The weight of the structure
differs from the previous equations in that the weight of the
radiator is included as a separate item. See equation 3.

WTSTRT = (0.10 DISTCP) (WTREAC + WTRDGN

15 + WTSHLD + WTRAD) Eq. 3

WTSTRT = weight of structure, pounds
DISTCP = distance between core and payload, ft
WTREAC = weight of reactor, pounds
, ;TRDGN = weight of thermoelectric elements

exclusive of radiator, pounds
:; , WTSHLD = weight of shield components, pounds
WTRAD = weight of radiator, pounds.

The weight of the reactor Is equal to the core weight plus the
100•-bo allowance .ýor controls and miscellaneous instruments.
The weight of the radiator is calculated from Subroutine DUMBO.

Subroutine DUMBO All the radiator area that can be
placed between the reactor shielding and the payload is mounted
Gn the surface of the truncated frustrum of a cone. Additional
radiator area Is available on the cylindrical surface of the
2Cre. Calculation of this surface area using equations 4, 5
and 6 is done to determine if this amount of radiator area is
sufficient.

SEP = DISTCP - (TSHLDN + TSHLDI.) Eq. 4

SIDE = [(SEP) 2 + (PAYDIA- DSHLD3) 2 ]/2 Eq. 5

r (PAYDIA -DSHLD3)ý
AREA IDSHLD3 + AL (SIDE)L 2i Eq. 6

+ 2ýr (HEIGHT) (RADIUS + ELLGTH)

SEP = separation between neutron shield and
payload, cm

TSHU, - thickness or neutron shield, cm
TSHLDG = thickness of gamma shield, cm
SIDE = length of side of frust-rum, cm
DSHLD3 =diameter of' neutron shield, cm
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AREA = surface area available -,or rv-i!jtor
between shield and payload and on core, c:n'

RADIUS = radius of reactor core, cm
ELLGTE = element length, cm
HEIGHT = core height, cm.

Next, tie radiator temperature is assumed tc be .10'C lower
than the cold-junction temperature punched int,' the cards.I

See equation 7.

TRAD = TC-10 Eq. 7

TRAD = temperature radiator, OK
TC = cold-.Junction temperature of thermo-

electric elements, OK.

le'xt, the heat radiated by this area is calculated using

e ua ý3n 8.
-;AD = 5.67' x 10-12 (0.88) (AREA) (TRAD) 4  Eq.

VQRAD = total amount of heat radiated, aatts.

-0.8- is the emittance of the radiator material. The amount of
neat which must be radiated for the system is calculated from
•quation 9.

= TWATTE x 100QREQ = EFFGEN Eq. 9

QREQ = heat whir) is required to be radiated, watts
7FFGEN = generatcr efficiency, percent.

:ne -otaI radlat.-r are.a required i- 2alculated from equaticn 10.

=2EA = AFREA Eq. 10

,,-Lume of radiat-,- ,rt.a]:" s 2alculai•,! from equation II.

= AREA . :7 .. 11
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The thickness of the raUiat-r is PF-zeied "o bG 12"' ov. .n
Lia~e5 wh-re the ra21ot Or wli. nL tf 1*1,-,, -In the. spacc between
the shielding and the paylo3d, then aJddi'lunal area is
assumed to be avaiable -n two 1irge, win.-shaped project,,ons

extending radially from the reactor core. These large projec-
tions can rediate heat frc.• both sides; hence, the volume of
radiator material Jn these proiect~ons is assumed to be only
0.0635 times the radiator area, The weý_ght of radiator is Sthen calculated from equation 12.

WTRAD = VOL x 8.0 Eq.

WTRAD = weight of radiator, gin.

The specific gravity of the radiator material is assumed to be
8.0 gms/cc.

Executive Routine The Executive Routi.ne prints out
the following information from Subroutine 1:

Run numbers
Densities of fuel, gm/cc
Material with and without thermal expansion and control

effects, gm/cc
Modified zpherical critical mass of fuel, gms
Radius of the spherical critical mass, cm
Material buckling

"-I Height contribution to buckling of the cylinder, cm-2
Cylindrical radius, cm
Core outside diameter, cm
Radiator area, cm2

Total watts produced by system
Radiator surface area required
Cylinder buckling minus the height contribution, cm-2
Core inside radius, cm
The quantities BRI, BR 2 , and constant used in the

Bessel equation solutions
Core weight
Weight of thermoelectric elements
Fuel weight
Fuel cost
Watts required per pump

Cross-sectional area per couple, cm2

Inner and outer annular radii, cm.
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Atoi:.-s per cc of fue_1 in 'r
~.:v'~op~c;:Ss-sections for fis.sicon and a',-3 rption

bY ul barns
A.~n te - . o IC.tion "a(,,,-

Fissio~ns ccurring p_:.- ý3eond
T- ;11al neut.-or's emitted fro-m core per second
Total i,_eu' rors em t.ede L.~ssion
Required4 neutrorn attenuation

'q. 12 -oa "I n~ rays emr~itted per zs-_con-j
IT.otal 'gamma raiys emitted per mission
Required ganiray attenuat-Ion
Thickness cl` gamra shedncm

Thikne.~ f reutrsrn shfIelding, cm
Extrapcolat .on 31stance, cm
The three S.1i1-l-s' di*amett.,rs, cr..

Caj-'ulat-,;inf:' rma _2r. -~n:e cuLt from Suorzoutirne ~n i

W a"%--/Ilb r at -ýn~

Ae~r~tof ra_ýýdiaztcr. ,
;~ei~htof reactor, l1-z
We o)f rictro ,r. 'reI,½

Weight of snield onale, b
Wei-ght rf gamma shie Id. I C's
eigh t of struct -..-e. ~o

The ollowing frfc rmation-c _IS ½e out na sumrary sheet:

Run number
at s / 1b

S yst4 .e m ne r f rr m an cesn pu n -Is/-
Core height, cm
Diameter core, emr
Element length, crc
Distance bet:ween core nama pavlca'ý,cr
Core weig-_ht, lb's
Weign-t of shield, lts
Thickness of neutron snleieid, c-,
Generator- ejfficiency, peroent
Fuel welight, lbIs
Fuel costC, d.-ll'_rz;
Core Inner raalus, -1-:
Radiat-,r temperatuý,re, %
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TV. ?,tGCPF?TY 'A:;USED

A. Ge:o.:ra Properties

STh..e f- lwIing gene ral propert.les h ave been se lected or assumed
for use in caiculations on HORSE, TIGER, and SWIFT.

1. Svsterm Parameters

Payload ,-d ,ameter - 3 ft
.!Minimum distance between core and payload 15 ft
Mission life - i0,,•,0 hours
CrntroI a]lowance - 4 atom percent
Maximum allowable temperature drop through

system - 10011
Max,.,um allowable log mean At inside core - 300.

2. Reactor Material Properties

Fuel plutonium carbide
Atomic weight 239
Molecular weight 251
Density of fuel 13.6 gms/cc
Spherical critical mass 23,700 gms
Thermal expansion coefficient 18.9 x 10-6 cc/cc0 F
-Gamma absorption cross-section 0.593 cm-i
Fuel extrapolation distanoe 1.5 cm
Fuel cost $10.00/gram
Reflector material BeO
Density of reflector 2.8 gm/cc
Allowable neutron dose to

payload total 1 x 1013 neutron/cm2

direct 5 X 1012 neutron/cm2

scattered 5 x 1012 neutron/cm2

Allowable gamma dose to
payload total 1 x I0V rad(c)

direct 9 x 106 rad(c)scattered 1 x 106 rad(c)

Average number c.fP neutrons/
fission 2.98

Fission cross-section 1.78 barns
Neutron absorption cross-bection 0.153 barns.
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3. Cc'uirant, Systeri h-p,.rt !.::

Densh1y
a t2pe - . tu/Ib 0 F

V -.! cent .pc.'se
:e,.,'-r Y ; -b: r~ • : ''. :' : e c ,1;7+] : , 01- ba{rrs

TuZt • L ...... + r. molyb derzu:"
De nsit 10.2 2m;cc

:::cr. ,, ti:crf-trin coefficient 0.0 barns.

.Thielding Properties

Ga....a shieliegr material derl'ted uranium
Density 1b.7 gm/cc
'Ia:ama absorption cross--ection 0.62 cm.
::eutron removal cross-section 0.170 cm- 1

!'eutron shielding material lithium hydride
7"e:slt V 0.710 gm/cc
.:atom._, aLsoD'ption cross-section 0.0241 cm-1
i'*eutron removal cross-section 0.110 cm- 1

•. r�,r -2hielding conta•ner stainless ..3.eei
ic knre ss 0.109 inches

per>"siy t 7.9 gm/cc
Gamma 1,&,:,rp+tl:n coefficient 0.279 cm-I
,, tr,. , :•Kc: ption coefficient 0.167 cm- 1

B. Specific Parameters

The following., specic param.eters have been obtained by means

of preliminary calculationc for use in'HORSE, TIGER, and SWIFT.

1. HORSE

Reactor Parameter

Power levels 3, 30, and 350 KW
Coolant tube outside diameter 0.50 inches
Coolant tube wall thickness 0.050 inches
Fluid velocity 15 feet/sec
Reflector thickness 20 cm
Cure height (3 KW) 0.60 ft

(30 KW) 0.80 ft
(350 KW) 0.90 ft.
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Generator Data

Element diameter, inches 3/16 3/16 3/16
Run number 9102 9048 9118
Generator efficiency, % 2.52 4.46 2.84
Power/couple, watts(e) 0.331 0.340 0.0757
Radiator area/couple, cm2  1.41 1-.64 0.880
Watts(e)/lb 59.4 31.8 6.31
Element length, cm 0.40 1.00 2.00
Radiator temperature, OK 1023 873 1023.

2. TIGER

Reactor Parameters

Power levels 3, 30 KW
Core height (3 KW) 8.0 ft

(30 KW) 15.0 ft

Generator Data

Element diameter, inches 3/16 3/16 3/16
Run number 9102 9048 9118
Tnermal efficiency, % 2.53 4.60 2.85
Power/couple, watts 0.331 0.340 0.0757
Radiator area/couple, cm2  1.40 1.56 0.880
Watts(e)/ib 71.1 50.8 8.87
Element length, cm 0.40 1.00 2.00
Radiator temperature, OK 1023 873 1023

3,, SWIFT

Reactor Parameters

Power levels 3, 30, and 350 KW
Cnre height to diameter

ratio 6.0 for 3 KW
5.0 for 30 KW

Generator Data

Element diameter, inches 3/16 3/16 3/16
Run number 9102 9048 9118
Thermal efficiency, % 2.56 4.66 2.88
Power/.ouple, watts 0.331 0.341 0.0757
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Cross-sect ion, z
reaCJ'ic.e, cK2 0.356 0.356 0.356

Want-t i 137. 6 83 0 11 44
lenient length, cm .1 i.00 2.00

Radiator temperature, OK 1023 873 1023.
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